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REMARKS 

The requisite fee for a three-month extension of time can be charged to Deposit 
Account No. 02-1818. Any fees that may be due in connection with filing this paper or with 
this application during its entire pendency may be charged to Deposit Account No. 02-1818. 
If a Petition for extension of time is required, this paper is to be considered such Petition, and 
any fee charged to Deposit Account No. 02-1818. 

A Supplemental Information Disclosure Statement is filed on the same day herewith, 
under separate cover. 

Claims 50-52, 73- 79, 81, 84, 87-95,97-99, 101, 111, 114-115, 117, 119-121, 128 are 
pending. Claim 92 is amended for clarity. No new matter is added. 

The Examiner states that all claim objections and rejections of record not specifically 
addressed below are considered hereby withdrawn in response to Applicant's arguments. 
The remaining rejections for lack or written description and enablement are premised on the 
allegation that the specification does not teach or describe the generation of plant SATACs. 
These rejections have been addressed in previous Actions and Responses thereto of record 
and such Responses and accompanying documents are incorporated by reference. 
Applicant's responses below rebut the Examiner's arguments. 

REBUTTAL TO EXAMINER'S "RESPONSE TO PRELIMINARY ARGUMENTS" 

1) The Examiner states that: 

The state of the art has been established in prior office actions and 
the state of the art suggests that it would not have been merely routine in 
the art to apply the teachings regarding mammalian chromosomes to 
plant chromosomes..,, the claims are not limited to only generating 
SATACs de novo as urged by Applicant. The claims are drawn to 
introducing SA TACs into a plant cell via any method taught in the 
specification, including whole, in vitro assembled SATACs. Therefore 
the claims will remain rejected for the reasons of record as the 
rejections still apply to the broadly drawn claims. In response to 
applicant's argument that the references fail to show certain features of 
applicant's invention, it is noted that the features upon which applicant 
relies (i.e., de novo centromere formation) are not recited in the 
rejected claim (s). Although the claims are interpreted in light of the 
specification, limitations from the specification are not read into the 
claims. See In re Van Geuns, 988 F.2d 1181, 26 USPQ2d 1057 (Fed. Cir. 
1993). 

Applicant understands that the Examiner is interpreting the claims in their broadest 
manner. As noted by the Examiner, however, the claims must at least be interpreted in view 
of all claim limitations and in light of the specification. Thus, there has to be some 
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"reasoned" interpretation of the subject matter of the claims, and the claims should be 

interpreted in their broadest "reasonable interpretation". MPEP 2111 states: 

During patent examination, the pending claims must be "given their 
broadest reasonable interpretation consistent with the specification." [citing 
Phillips v. AWHCorp., 415 F.3d 1303, 75 USPQ2d 1321 (Fed. Cir. 2005)] 

Further, MPEP 21 1 1 .01 states that: 

This means that the words of the claim must be given their plain meaning 
unless the plan meaning is inconsistent with the specification. ... An 
applicant is entitled to be his or her own lexicographer and may rebut the 
presumption that claim terms are to be given their ordinary and customary 
meaning by clearly setting forth a definition of the term that is different 
from its ordinary and customary meaning(s). 

This is particularly apt in this case, where the term satellite artificial chromosome 
(SATAC) is introduced by the Applicant to describe the artificial chromosomes discovered 
by Applicant, and which heretofore had not been known and could not have had a name. 
Applicant is permitted to be his/her own lexicographer; the application is directed to 
SATACs among several types of artificial chromosome. The specification must be reviewed 
in order to interpret the claims. It is not sufficient for the Examiner to merely state that the 
broadest interpretation includes an in vitro assembled SATAC because the Examiner wants to 
rely on the state of the art that at the time of filing the application to show that the claims are 
not enabled. In this case, the claims specify that a SATAC contains more heterochromatin 
then euchromatin and the specification renders it clear that a SATAC does not encompass an 
in vitro artificial chromosome assembled from component parts. 

SATACs are defined and described and depicted in the specification. SATACs are 
defined and described as being a distinct type of artificial chromosome compared to an in 
vitro synthesized artificial chromosome, see e.g. at page 15, lines 1-4, which states that 
among the artificial chromosomes provided are SATACs, minichromosomes, and in vitro 
synthesized artificial chromosomes. Thus, a SATAC is clearly a distinct type of artificial 
chromosome that is characterized by containing more heterochromatin then euchromatin and 
additional defining features. SATACs are defined as having more heterochromatin then 
euchromatin and include sets of tandem DNA blocks each containing satellite DNA flanked 
by non-satellite DNA. A SATAC includes inverted repeats of satellite DNA and the 
heterologous DNA, which occurs by virtue of the discovery of processes for producing 
SATACs (see e.g. at page 18, lines 24-26; at page 19, lines 22-24). The beauty of the 
SATAC is that the cell produces it when a DNA fragment is introduced into the cell and the 
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cell is cultured as described in the application. No knowledge of centromere structure or any 
structure is needed. The DNA fragment integrates into the pericentric heterochromatin, either 
by targeted integration, or, just by random integration. Upon integration into that region a 
series of amplification events that include de novo formation of a second centromere (not 
from the DNA fragment, but by the chromosome duplicating the existing centromere). The 
amplification events also produce the repeating DNA blocks and ultimately produce sausage 
chromosomes and other structures that result in SATACs. For the in vitro assembled 
artificial chromosomes as described in the specification, the SATACs can serve as a source of 
centromeres or other components for such in vitro assembly, but SATACS are not in vitro 
assembled artificial chromosomes. 

A reading of the specification renders it clear that a SATAC does not encompass an in 
vitro generated artificial chromosome. For example, the specification states that SATACs 
can be used as the starting materials for assembling chromosomes in vitro by serving as a 
source for the identification and isolation of components to be used in in vitro constructed 
artificial chromosomes, i.e. the centromere and origin of replication. Thus, it is clear that a 
SATAC itself is not an in vitro constructed chromosome. Further, the specification states that 
the method of de novo generation of satellite artificial chromosomes overcomes problems in 
reconstructing artificial chromosomes in vitro (see e.g. at page 4, lines 6-25) because one 
does not have to produce a centromere or any components of the SATAC. SATACs are 
generated by the cell. Hence, the specification provides not only methods of de novo 
generation of mammalian artificial chromosomes, but based on the universal discovery, also 
provides "methods for constructing species-specific artificial chromosomes de novo" (see e.g. 
at page 5, lines 6-7). 

Notwithstanding this, the standard for enablement does not require a teaching of all 
ways to practice the claimed subject matter, nor that all ways have to work well. The 
standard for enablement is just that the specification teaches the claimed subject matter such 
that one of skill in the art, without undue experimentation, can make and use the subject 
matter as claimed. The Examiner is reminded that not all embodiments within the scope of a 
claim must be operative: 

[I]t is not a function of the claims to specifically exclude either possible 
inoperative substances or ineffective reacting proportions". In Application of 
Dinh-Nguyen, 492 F.2d 865 at 858-9 181 USPQ 46 (CCPA (1974)). 
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The specification teaches how to make SATACs in great detail. Whether or not a SATAC 
could be assembled by assembly of the component parts does not mitigate enablement 
because the specification teaches how to make them in cells. The DECLARATIONS of 
record demonstrate the generation of SATACs in plants based on the teachings of the 
specification. These Declarations unequivocally rebuts any argument that given the state of 
the art one would not be able to generate SATACs in plants. As the DECLARATIONS state, 
all that had to be done was follow the teachings of the specification by introducing a DNA 
fragment into a plant cell and "poof SATACs were generated. The Examiner must give 
deference to the DECLARATIONS, unless they can show that one of skill in the art would 
have a rationale basis to doubt the truth of such statements. 

The Examiner cannot base rejections on cited references, and ignore the teachings of 
the specification and the DECLARATIONS of record. The prior art does not benefit from 
the teachings of the instant specification. None of the references partake in the benefit of the 
teachings of the specification, which describes a method that overcomes limitations of 
generating artificial chromosomes discussed in the references. The instant method do not 
require knowledge of chromosomal structures or sequences. None of the references make 
such assertions regarding generation of SATACs using the method set forth in the 
specification and claims (e.g. claim 115 and 128), in any species, including in plants, and the 
resultant SATACs or intermediates or precursors, use of these references to establish the state 
of the art is inapt. Furthermore, none partake of benefit of the teachings of the instant 
application, which is a significant factor to be considered. The Examiner has provided no 
rationale basis based on the cited references for doubting the teachings of the specification for 
the generation of SATACs. 

2) The Examiner states that: 

Applicants urge that centromeric sequences are not necessary to identify 
SA TA Cs. . There is no guidance in the specification that indicates the 
recognition of the centromere and thus, the SATAC in a plant cell. 

As stated previously, it is not necessary to have knowledge of, nor to identify, the 

centromere to generate or identify a SATAC. The DECLARATIONS did not require or use 

any knowledge of a plant centromeric sequence. DNA fragments were introduced into plant 

cells and "poof SATACs resulted. SATACs contain a centromere because they are made 

by the cells, which results in de novo formation of the centromere. It respectfully is 

submitted that since the method occurs de novo upon introduction of a DNA fragment into a 
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cell, resulting in the de novo formation of a centromere, no knowledge of the centromere base 
sequence, or of the position of the replication origin is required. The method described in the 
specification overcomes problems of generating artificial chromosomes in any species 
because all that is required is to introduce a DNA fragment into a cell and grow the cells 
under selective conditions, such that the amplification event can be observed. This was so 
stated in the specification. For example, at page 4, line 9 to page 5, line 5, the specification 
states that: 

. . .construction of defined mammalian artificial chromosomes has 
not been achieved. Such construction has been hindered by the lack of an 
isolated, functional, mammalian centromere and uncertainty regarding the 
requisites for its production and stable replication. . .Thus, development of 
alternative artificial chromosomes . . .is required. . ..It is a further object 
herein to provide methods for constructing species-specific artificial 
chromosomes de novo. 

The specification teaches that SATACs are characterized by other unique features 
such as the existence of large-scale amplification of integrated DNA and heterochromatin, 
the presence of more heterochromatin then euchromatin interspersed with heterologous DNA, 
and its existence as a stable extragenomic chromosomal structure (see e.g. at page 5, lines 
14-19; at page 16, line 22 to page 17, line 4; at page 18, line 24-26; at page 19, lines 4-24; at 
page 27, l;ines 18-21; at page 34, line 23; at page 35, lines 12-15; at page 62, lines 5-7). The 
specification teaches and describes that a sausage chromosome is a chromosome containing 
amplified heterochromatin and a euchromatic arm (see e.g. at page 18, line 21-24). Based on 
these features, SATACs and sausage chromosomes can be identified. 

The application describes these structural features, which have been discussed in great 
detail in previous responses. For example, Figures 2F (panel 2-8) and the bottom structure 
depicted in Figure 3 each depict the identifying characteristics of a SATAC. The bottom 
panels of each of Figures 2 and 3 depict a distinct chromosome structure that is 
predominately heterochromatin. It also depicts a structure that is interspersed with foreign 
DNA that has been integrated into the de novo formed chromosome based on homologous 
recombination and amplification events that occur during the formation of the SATAC. Like 
the application, the DECLARATIONS of record identify SATACs based on these structural 
features. As taught and described in the specification, such features can be identified using 
such methods as Southern hybridization, in situ hybridization, including fluorescence in situ 
hybridization, and G and C-banding. (see below under heading 4) for rebuttal to Examiner's 
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comments that these techniques do NOT work in plants, as they indeed do and have been so- 
known for many years). 

For example, the specification describes the use of Southern Blot to identify the copy 
number of the integrated DNA sequence to evidence its amplification. The existence of 
multiple copies of the integrated DNA {e.g. containing a selectable marker) is indicative of 
the amplification methods that result by practice of the method. Accordingly, that contain 
SATACs and other amplified structures with the repeating regions of satellite DNA flanked 
by heterologous DNA can be identified, such as by analyzing cells by Southern hybridization 
for those that contain multiple copies of the integrated exogenous DNA (see e.g., at page 31, 
lines 31 to page 32, line 3; at page 107, line 25 to page 108, line 4). This is further 
exemplified in the DECLARATIONS. For example, DECLARATION 5 and 7 demonstrates 
by Southern blot that the selectable marker is present at greater than 20 copies, evidencing 
that large-scale amplification of the exogenous DNA had occurred. Similar results are 
depicted in DECLARATION 8. 

Further, as described and exemplified in the specification, another way to identify 
amplified chromosomes, including sausage chromosomes and SATACs, is by in situ 
hybridization, including fluorescence in situ hybridization, for chromosomal structures co- 
stained for amplified heterochromatin and the heterologous DNA {e.g. containing the 
selectable marker, which by virtue of practice of the method integrates into an amplifiable 
region is amplified). The specification describes that sequences contained in the pericentric 
heterochromatin, which by practice of the method are amplified, include rDNA and/or 
satellite DNA (see e.g. at page 33, line 28 to page 34, line 2). In particular, the specification 
and Examples (see e.g. Example 6) describe identification of sausage chromosomes and 
SATACs by in situ hybridization for amplified heterochromatin using a probe for 
heterochromatin (e.g. a mouse satellite DNA probe) for identification of the amplified 
pericentric heterochromatin and/or heterologous DNA, (thus even the nucleic acid encoding 
the selectable marker can be used as a probe) (see e.g. at page 94, lines 10-16; at page 95, 
lines 5-9). Further, the Example shows that in situ hybridization for the amplified 
heterochromatin and the heterologous DNA co-localized (see e.g. at page 95, lines 5-9). 

The DECLARATION 5 and 7 (Dr. Fabijanski) and DECLARATION 8 (Dr. 
Lindenbaum) identify chromosomes that have undergone amplification, including SATACs 
and sausage chromosomes, exactly as described in the specification, i.e. using in situ 
hybridization for co-localization of amplified heterochromatin and heterologous DNA. As 
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taught in the specification, the DECLARATIONS use probes to rDNA to identify the 
amplified heterochromatin. In situ hybridization, including fluorescence in situ (FISH) 
techniques, was an available technique in plants (see e.g., Leitch et al, (199 1), Genome, 
34:329-333; Fukui et al (1994) Theor. Appl Genet., 87:893-899; Jiang et al. (1995) Proc. 
Natl Acad. Sci. USA, 92:4487-4491; Murata and Motoyoshi (1995) Chromosoma, 104:39- 
43; Matsuyama et al (1996) Genome, 39:941-945; Zhong et al (1996) Chr. Res., 4:24-28; 
and Schubert I and Wobus U (1985) Chromosoma, 92:143-148) at the time of filing the 
application and priority applications. Using such methods, Applicant has identified SATACs 
in three diverse plant species, Brassica and Nicotina (DECLARATIONS 5 and 7) and 
soybean (DECLARATION 8). Demonstration of the identification of SATACs in three 
diverse plant species using methods as taught in the specification evidences the applicability 
of the teachings of the specification within the full scope of the claims. 

Thus, the specification teaches numerous ways to identify SATACs based on 
characteristics contained within a SATACs that do not require identifying the centromere. As 
noted in a previous response, the Examples demonstrate use of an anti-centromere antibody 
to show that the exemplified SATAC contains a centromere, but this is not required when 
producing SATACs. There is no requirement in the specification that the centromere must be 
identified by an anti-centromere antibody in order to identify a SATAC. In fact, as discussed 
above, the specification teaches many other diverse ways of identifying SATACs based on 
their unique characteristics. Further, one of skill in the art can infer the presence of a 
centromere from the stable and extragenomic existence of the chromosome. For example, 
since a SATACs contains a centromere derived from the eukaryotic cell in which the 
amplification event took place, it is stable and can replicate and segregate alongside the 
endogenous chromosome (see e.g. at page 16, line 22 to page 17, line 4; page 34, line 23). 
As described in the specification, stability can be assessed in the presence or absence of a 
selective agent (at page 17, lines 1 1-14). Applicant provided evidence in DECLARATIONS 
evidencing such stability and segregation. 

3) The Examiner states that: 

A single generation of plants grown in the absence of a selection marker 
is not sufficient to demonstrate stable inheritance patterns for an 
autonomously replicating chromosome with a fully functioning 
centromere. 

Applicant respectfully disagrees with the above assertion by the Examiner. The 
Examiner has provided no evidence or reason why stable inheritance was not sufficiently 
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demonstrated. As discussed above, the specification states that a SAT AC is a stable, 
extragenomic artificial chromosome, which necessarily requires the presence of a centromere. 
Further, as discussed above and in the previous response, the specification states that stability 
of a chromosome can be measured in the presence or absence of selective agents (see e.g. at 
page 17, lines 10-14). The DECLARATIONS of record evidence maintenance of SAT ACS 
in the presence of selective agents over thousands of mitotic divisions. The 
DECLARATIONS of record also evidence maintenance under non-selective conditions 
through meiosis through its transmission to a second generation plant. Thus, contrary to the 
Examiner's assertion, stability was shown not only in a single generation of plant, but also 
into a daughter plant by virtue of entering the germline and being sexually transmitted to 
progeny. 

For example, the DECLARATIONS of record demonstrate the teachings of the 
specification in plants and that resulting plant SATACS are stable. The stability of the 
SATACs generated in plants is verified in DECLARATION 5 and 7 by data evidencing 
maintenance of SATACs in the presence of a selective agent, which was achieved over 
thousands of mitotic divisions. Upon division of cells, if the SATAC did not contain a 
functioning centromere it would have been lost over this many cell divisions. This was not 
the case. Further, the DECLARATION 5 and 7 also showed stability of the SATACs 
through meiosis by its transmission to a second generation plant. DECLARATION 7 
demonstrates that the transmission follows mendelian frequency, again an occurrence 
dependent on the presence of a functional centromere. 

DECLARATION 8 of Dr. Lindenbaum demonstrates that the SATAC also is stably 
maintained mitotically and meiotically in the absence of selection and found in the second 
generation of a plant derived from a plant cell containing a SATAC. The results in 
DECLARATION 8 demonstrate that following introduction of heterologous DNA into 
embryogenic soybean cultures, the embryogenic clusters were grown in the absence of 
selective conditions to generate mature embryos, which were then desiccated in darkness for 
5-7 days and then germinated. Within a few days, the roots emerged followed by shoots. 
The germinated embryos were planted and grown. FISH analysis of root tips of the 
regenerated embryos AND of Tl seeds obtained from self crosses of regenerated embryos 
demonstrated the presence of SATACs. Thus, as set forth in the DECLARATION 8, Dr. 
Lindenbaum stated that "the plant SATAC has a fully functional centromere that permits it to 
undergo mitosis in somatic cells as well as meiotic replication enabling it to enter the germ 
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line and be sexually transmitted to the Tl progeny." Thus, as stated in the last response, The 
DECLARATION evidences that the SATAC is stably maintained mitotically and meiotically 
in the absence of selection and found in the second generation of a plant derived from a 
plant cell containing a SATAC. 

Thus, it respectfully is submitted that the Examiner's assertion that the 
DECLARATIONS do not evidence stability of a fully functioning centromere based on a 
single generation of plants grown under non-selective conditions is a conclusory statement 
with no support as to why this does not evidence stability. The Examiner has provided no 
scientifically sound evidence why Applicant's assertions and the DECLARATIONS, signed 
under penalty of criminal perjury, are not true. The Examiner is reminded that MPEP 2144.03 
states: 

The Examiner may take official notice of facts outside of the record which are capable of 
instant and unquestionable demonstration as being "well- known" in the art. In re Ahlert, 
424F.2d 1088, 1091, 165 USPQ 418, 420 (CCPA 1970). . . . 

The facts of which the Examiner is taking notice are conclusory and are not capable of instant 

and unquestionable demonstration as being "well-known" in the art. MPEP 2144.03 continues: 

If justified, the examiner should not be obliged to spend time to produce 
documentary proof. If the knowledge is of such notorious character that 
official notice can be taken, it is sufficient so to state. In re Malcolm, 129 F.2d 
529, 54 USPQ 235 (CCPA 1942). If the applicant traverses such an assertion 
the examiner should cite a reference in support of his or her position. 

In this instance, Applicant requests that support for the Examiner's position be provided, 

since the conclusory statement by the Examiner is not unquestionable or well-known. 

I. REJECTION OF CLAIMS 50-52, 73-79, 81, 84, 87-95, 97-99, 101, 104, 108, 111, 
114-115, 117, 119-121 AND 128 UNDER 35 U.S.C, §112, FIRST PARAGRAPH 

Claims 50-52, 73-79, 81, 84, 87-95, 97-99, 101, 104, 108, 111, 114-115, 117, 119- 
121 and 128 are rejected under 35 U.S.C. §112, first paragraph, because it is alleged that the 
specification does not provide guidance for any plant artificial chromosome, sequences, or 
methods of making the same, or any plant cell comprising any artificial chromosomes. 

Applicant respectfully traverses this rejection for reasons of record. Specifically, 
Applicant rebuts each of the Examiner's specific comments below. 

Rebuttal to Examiner's comments : 

4) The Examiner states that: 

It is not clear from the specification which methods may be used 
with plants and which may not The listed identifications, G-banding, 
C-banding, immunoflurescence, electron microscopy and Southern 
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blot all are methods that would NOT work in plants because all rely on 
features that are not present in plant cells and plant chromosomes. 

Applicant respectfully disagrees with the Examiner's assertion. As discussed in 

previous responses, the cytological methods were well known to one of skill in the art at the 

time of filing the Application. Techniques such as chromosome banding, 

immunofluroescence, electron microscopy, southern blot, and in situ hybridization were 

known to one of skill in the art and had also been demonstrated as applicable with plant 

chromosomes as well as with plant cells (see for example, Plant Chromosomes: Laboratory 

Methods (ed. Kiichi Fukui and Shigeki Nakayama, 1996), available at 

http:/^ooks.googlexom^ooks?id=cTRgMDnr^ 

omosomes:+laboratory+methods&source=M 

8QdFGmLiM&hl=en&ei-cINBSuOIH^ 

&resnum=l; Arun Kuman Sharma & Archana Sharma, Chromosome Techniques - A Manual 
(Harwood Academic Publishers, 1994), available at 
http:/^ooks.google.com/books?id=iQ 

%80%93+A+Manual&printsec-frontcover&source=bl&ots=VeI55J0U5Q&sig= 
EEUnjB5UUMO3WpqlI&hl=en&ei=noNBSuerG9GrlAfOrbD0CA&sa-X&oi=book_result 
&ct=result&resnum=l; Methods in Plant Cell Biology (ed. Galbraith et al 1995), available at 
http://books.google.com/books?id=aGQ gi7sOc8C&printsec=frontcover&source=gbs_v2_su 
mmary_r&cad=0; Sparvoli et al (1994) J. Cell Science 107:3097-3103 and Wanner et al 
(1995) Chromosome Res. 3:368-74). The books are available in part on line and the URL is 
provided. Applicant is willing to purchase copies of these books to provide to the Examiner 
if the Examiner requests copies. 

In addition, as discussed in at least the previous two responses and in Declaration 7 of 
Dr. Fabijanski, fluorescence in situ (FISH) techniques were available at the time of filing the 
earliest priority application (see e.g., Leitch et al. (1991) Genome, 34:329-333; Fukui et al. 
(1994) Theor. Appl. Genet, 87:893-899; Jiang et aL (1993) 36:792-5; Jiang et al (1995) 
Proc. Natl Acad, Sci. USA, 92:4487-4491 ; Murata and Motoyoshi (1995) Chromosoma, 
104:39-43; Matsuyama et al (1996) Genome, 39:941-945; Zhong et al (1996) Chr. Res., 
4:24-28; and Schubert I and Wobus U (1985) Chromosoma, 92:143-148). 

Based on these references, it is unclear why the Examiner concludes that such 
techniques do NOT work in plants. In the previous Office Action, Applicant reminded the 
Examiner that MPEP 2144.03 states: 
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The Examiner may take official notice of facts outside of the record which are capable of 
instant and unquestionable demonstration as being "well- known" in the art. In re Ahlert, 
424 F.2d 1088, 1091, 165 USPQ 418, 420 (CCPA 1970). . . . 

The facts of which the Examiner is taking notice are conclusory and are not capable of instant 

and unquestionable demonstration as being "well-known" in the art. MPEP 2144.03 continues: 

If justified, the examiner should not be obliged to spend time to produce 
documentary proof. If the knowledge is of such notorious character that 
official notice can be taken, it is sufficient so to state. In re Malcolm, 129 F.2d 
529, 54 USPQ 235 (CCPA 1942). If the applicant traverses such an assertion 
the examiner should cite a reference in support of his or her position. 

Applicant also stated and requested that if the rejection is maintained that in situ 

hybridization, including FISH, was not routine at the time of filing, documentation 

supporting this position, respectfully is requested. No documentation has been provided by 

the Examiner. Therefore, Applicant further requests that the Examiner provide support for 

the position that not only in situ hybridization but also the other stated methods such as 

southern blot would not work in plants. If such documentation cannot be provided, this 

rejection cannot be maintained. 

Further, it respectfully is submitted that cytological techniques are not crucial to the 

claimed subject matter. Identification of cells by cytology is not a limitation stated in the 

claims. Further, other methods besides cytology permit the identification and isolation of 

SATACs. These include, for example, fluorescence-activated cell sorting, methods that 

distinguish the SATACs by size differences from endogenous chromosomes (e.g. swinging 

bucket centrifugation) and immunoaffinity procedures (see e.g. at page 41, line 5 to page 42, 

line 3). In addition, a SATAC can be introduced into a cell by microcell fusion without 

having to identify or isolate the SATAC (e.g. claim 74). 

5) The Examiner states that: 

Applicants urge that fluorescence in situ hybridization was known 
in the art at the time of filing. This is not persuasive because Applicants 
are urging that the exact same steps and methods are being followed to 
generate plant SA TA Cs. Different probes and different hybridization 
materials would have been required for plant in situ hybridization. 

The Examiner is reminded that the law of enablement does not require the Applicant 

to provide an example of every species or reagent required to practice the method. For 

example, "it is manifestly impracticable for an applicant who discloses a generic invention to 

given an example of every species falling within it, or even to name every such species, it is 

sufficient if the disclosure teaches those skill in the art what the invention is and how to 
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practice it." In re Grimme, Keil and Schmitz, 124 USPQ 449, 502 (CCPA 1960). Further, a 
finding of enablement is not precluded even if some experimentation is necessary, as long as 
the amount of experimentation is not undue. Atlas Powder Co. v. E.I. DuPont De Nemours 
Co., 750 224 USPQ 409, 3 (Fed. Cir. 1984); W.L. Gore and Associates v. Inc., 7212 220 
USPQ 303, 315 (Fed. Cir. 1983). The scope of enablement is based on that which is 
disclosed in the specification plus the scope of what would be known to one of skill in the art 
without undue experimentation. National Recovery Technologies, Inc. v. Magnetic 
Separation Systems, Inc., 166 F. 3d 1 190, 49 USPQ 2d 1671 (Fed. Cir. 1999). A patent need 
not teach, and preferably omits, what is well known in the art. In re Buschner, 929 F.ed 660, 
661, 18 USPQ2d 1331, 1332 (Fed. Cir. 1991); Hybritech, Inc. v. Monoclonal Antibodies, Inc. 
802 F.2d 1367, 1384, 231 USPQ 81, 94 (Fed. Cir. 1986), cert, denied, 480 U.S. 947 (1987); 
and Linemann Maschinenfabrik GMBH v. American Hoist & Derrick Co., 739 F.2d 1452, 
1463, 221 USPQ 481, 489 (Fed. Cir. 1984). 

As discussed above and further below, in situ hybridization, including FISH, was a 
well known technique in plants at the time the application was filed. There is no requirement 
that the Applicant provide every single possible probe that can be used to identify the 
SATAC, since such probes are dependent on the particular heterologous DNA that is 
introduced. The identification of probes to use to perform the in situ hybridization in plants 
is within the level of skill of one of skill in the art and does not require undue 
experimentation. Furthermore, as noted above, probes based on the sequence of the 
introduced DNA fragment, such as probes based on the sequence that encodes the selectable 
marker, can be used. 

The specification teaches application of FISH for the identification of SATACs in 
mammalian cells for the presence of pericentric heterochromatin interspersed with 
heterologous DNA. The specification teaches that sequences contained in the pericentric 
heterochromatin, which by practice of the method are amplified, include rDNA and/or 
satellite DNA (see e.g. at page 29, lines 1 1-28). Example 6 in the specification teaches using 
in situ hybridization using probes to the amplified heterochromatin (i.e. a probe to mouse 
major satellite DNA) to identify SATACs by permitting identification of the amplified 
heterochromatin (see e.g. at page 94, lines 10-16). The Example also shows that in situ 
hybridization for the amplified heterochromatin and the heterologous DNA co-localized 
evidencing the presence of foreign DNA interspersed with the amplified heterochromatin (see 
e.g. at page 94, lines 10-16; at page 95, lines 5-9). A probe to hygromycin is an exemplary 
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probe to "foreign" DNA taught in the application (see e.g. at page 96, lines 19-29). The 
DECLARATIONS of record identify SATACs exactly as described in the specification using 
in situ hybridization for co-localization of amplified heterochromatin (probes to various 
rDNA, e.g. 18s rDNA probe in Brassica; 45S nuclear rDNA gene locus in Soybean) and 
heterologous DNA (probes to the selectable marker including to hygromycin). 

Hence, the probes used in the DECLARATIONS were based on those exactly as 
taught in the specification, i.e. probes to the amplified pericentric heterochromatin (e.g. 
satellite DNA or rDNA) and to the heterologous DNA. The exact probes used are well 
within the level of skill in the art, for example, based on the particular heterologous DNA that 
is introduced into the cell to initiate the amplification events and the particular plant 
endogenous sequences of pericentric heterochromatin (e.g. rDNA) to identify SATACs 
containing amplified heterochromatin. For example, rDNA sequences in plants were known 
at the time of filing the specification, and were used to generate probes for in situ 
hybridization. For example, a review in 1994 by Jiang and Gill provided a summary of in 
situ hybridization techniques and their application in plant genome mapping, including the 
use of rDNA probes, See also, e.g. Maluszynska et al. (1991) Plant J., 1 : 159-166; 
Maluszynska et al (1993), 36:774-81; Bauwens et al (1991) Chromosoma, 101-41-8; Griffor 
etal (1991) Plant Mol. Biool., 17:101-9; Xu etal (1994) Genome, 37:1062-5; Kamisugi et 
al (1994) Mol. Gen. Genet., 245:133-8; Fukui et al (1994) Genome, 37:105-1 1; Fuchs et al 
1994; Busch et al 1995; Cuadrado et al (1995) Genome, 38:795-802; Fominaya et al 

(1995) Genome, 38:548-57; Moscone EA et al (1996) Chromosoma, 105: 231-6; Schmidt et 
al (1996) Plant Mol. Biol., 30: 1099-1 13; Shi etal (1996) J Hered., 87:308-13; Hanson etal 

(1996) Chromosoma, 105:55-61; Xu et al (1996) Chromosoma, 104: 545-50). 

Thus, it respectfully is submitted (as established in previous responses) that undue 
experimentation was not required to generate probes in the DECLARATIONS of record, e.g. 
probes to the 18s rDNA in Brassica (see e.g. Declarations 5 and 7), a probe to the 45S rDNA 
loci in soybean (see e.g. Declaration 8), or a probe to the introduced hygromycin foreign 
DNA (see e.g. Declarations 5 and 7). Also, generating probes to foreign DNA is not specific 
to any plant sequence. For example, just as taught in the specification, the DECLARATION 
5 and 7 of Fabijanski utilized a probe to hygromycin. As stated in DECLARATIONS of Dr. 
Fabijanski, in situ hybridization is a standard method. Similarly, the generation and use of 
probes for in situ hybridization also is a standard method at the time the application was filed. 
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Accordingly, it respectfully is submitted that undue experimentation is not required to 
generate the specific probes used in the DECLARATIONS to identify SATACs. Further, as 
discussed above, FISH analysis is but one technique that can be used to identify SATACs. 
This technique in plants was demonstrated in the DECLARATIONS of record, which 
generated and identified SATACs based on the teachings of the specification and what was 
known to one of skill in the art at the time the application was filed. 

6) The Examiner states that: 

Applicants urges primarily, that once the demonstration of SA TAC 
formation of mammalian cells was disclosed, that it is not necessary to 
disclose the same detailed analysis to show the generation of SA TACs in 
plants because the identifying characteristics are the same across 
species. . . This is not persuasive because the state of the art in 
mammalian cytology and artificial chromosome generation versus the 
state of the art in plant cytology and artificial chromosome generation 
are vastly different, even in the present day, more than a decade after 
filing and certainly at the time of filing... [T] he tools to perform the 
detailed analysis for plants were not known at the time of filing. It is 
submitted therefore, that it would not have been possible to know that the 
identifying characteristics of SATACs were the same between 
mammalian SA TA Cs and plant SA TA Cs because it wasn 9 t possible to 
identify the same structural features in plants that were identified and 
demonstrated in the specification. 

SATACs in plants have the same identifying features as SATACs produced in any 
other eukaryotic cells, including in mammalian cells. This is demonstrated in the 
DECLARATIONS of record. The specification states that plant satellite artificial 
chromosomes have the same structural elements as described for mammalian artificial 
chromosomes, except that they have a plant centromere (see for example, at page 16, lines 
27-29), which centromere is produced by virtue of production of the SAT AC in a plant. This 
is so by virtue of the universality of the method, which is based on processes that are 
fundamental to chromosomal replication in all cells. The specification sets forth these 
identifying characteristics as discussed in detail in this and previous responses, and the 
DECLARATIONS of record demonstrate the generation of SATACs based on such 
identifying characteristics. Since the specification sets forth the identifying characteristics of 
SATACs, generated in any eukaryotic species, the Examiner's statement above is inapt. 

The specification unequivocally establishes that the same method can be used in 
plants to generate SATACs containing the same relevant identifying characteristic of a 
SATAC applicable to all species. As described in the specification, this method is 
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generalizable and universal to all chromosomes and species (see e.g. at page 36, lines 3-4), 
thereby generating species-specific chromosomes. The application specifically teaches that 
the process can be applied to any species, including plants and animals. For example, the 
specification teaches generically the steps of the method (e.g. at page 6, lines 15-24): 

The chromosomes provided herein are generated by introducing 
heterologous DNA that includes DNA encoding one or more multiple 
selectable marker(s) into cells, preferably a stable cell line, growing the 
cells under selective conditions, and identifying from among the resulting 
clones those that include chromosomes with more than one centromere 
and/or fragment thereof The amplification that produces the additional 
centromere or centromeres occurs in cells that contain chromosomes in 
which the heterologous DNA has integrated near the centromere in the 
pericentric region of the chromosome. The selected clonal cells are then 
used to generate artificial chromosomes. 

And further states at page 9, lines 14-18: 

These methods are applicable to the production of artificial chromosomes 
containing centromeres derived from any higher eukaryotic cell, including 
mammals, birds, fowl, fish, insects and plants. 

Thus, the recognition of the universality of the method was evident at the time of 
filing the instant application. As discussed in previous responses, DECLARATION 6 of Dr. 
Hadlaczky states as a fact that the method is universal based on fundamental chromosomal 
processes in animals and plants. Further, it is clear from the specification that the only 
difference between a plant SATAC and a mammalian SATAC is that the former contains a 
plant centromere, which is necessarily because practice of the method in a plant cell results in 
de novo formation of the centromere from the endogenous centromere. As discussed 
elsewhere herein and in previous responses, it is not necessary to identify the centromere to 
identify a SATAC because of the presence of the other unique identifying features of all 
SATACs, such as the presence of more heterochromatin then euchromatin interspersed with 
heterologous DNA on a stable extragenomic chromosome. The DECLARATIONS of record 
demonstrate that SATACs generated in plants have these same identifying characteristics 
exactly as described in the specification. Thus, the DECLARATIONS prove the reproducible 
generation of SATACs in plants exactly as taught in the specification. Thus, the Examiner's 
assertions are not sustainable. The fact that persons of skill in the art, based on the teaching 
of the specification, can generate and identify SATACs in plants has been established. 

7) The Examiner states that: 



Applicant urges that the specification does not require the 
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absence of a selective agent for the measurement of stability of the 
chromosome and that DECLARATION 3 provides evidence that such 
stability was exhibited even in the absence of a selective agent (see 
pages 16-18 of response). 

This is not persuasive because as discussed above and in 
the other office actions, there was additional evidence available for the 
presence of a centromere and centromeric sequences in mammalian 
SATACs. As discussed previously, in the absence of such evidence and 
in the absence of similar tools, a different standard must be applied to 
plants to show the presence of a centromere as required by SATACs 
according to the definition of the instant specification. 

Applicant has rebutted this assertion above under headings 2) & 3) above. To 
repeat, as stated extensively in this and previous responses, no knowledge of the 
centromere is required to generate or identify SATACs. That is a benefit of the instant 
method. The specification does not state that identification of the centromere is 
required to identify a SATAC. In contrast, the specification provides detailed 
description of relevant identifying characteristics that can be used to identify a SATAC 
in any species, and uses such characteristics to identify SATACs in mammals (see e.g. 
Figure 2 and 3 and Example 6). These include, for example, the use of southern blot to 
evidence amplification of the heterologous DNA, in situ hybridization for the 
identification of chromosomal structures, including extragenomic chromosomal 
structures, that have more heterochromatin then euchromatin and that are interspersed 
with the foreign DNA, and evidence of stability of the SATAC in the presence or 
absence of a selective agent. The use of an antibody to the centromere in the 
specification was merely used to aid in the initial detailed characterization of the 
SATAC. Once characterized, the use of an antibody to the centromere is not required. 
As discussed above, the exact methods used to identify SATACs in the specification 
were demonstrated in the DECLARATIONS for generation and identification of 
SATACs in plants. 

8) The Examiner states that: 

Furthermore the transmission does not even definitively show 
the presence of a centromere. For example, in a study of the 
transmission of acentric chromosomes Kanda et al (2000 J. Cell Biochem 
SuppL 35:107-114) disclose that some acentric chromosomes are stably 
transmitted through successive cell divisions. Kanda et al propose that 
chromosomes may "tether" to a host chromosome and show stable 
transmission (see abstract and page 109 in particular). The acentric 
chromosomes in this case use the cells machinery to replicate and are not 
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autonomously replicating (see page 109). Given the state of the art, the 
mere presence of a chromosomal fragment does not give evidence of a 
SA TA C as defined by the specification. 

The above statement by the Examiner is based purely on speculation and conjecture. 

The Examiner has provided no sound proof that the S ATACs exemplified in the 

DECLARATIONS of record are tethered to a host chromosome. In fact, there is no tethering 

evident in the figures in the Declarations. For example, DECLARATION 7 of Dr. Fabijanski 

established that the resulting SATACs, transmitted through meiosis, exhibit mendelian 

characteristics. It is unclear based on the Examiner's theory, how a chromosomal structure 

that is tethered to a host cell chromosome could exhibit a segregation pattern at a particular 

Mendelian frequency. Further, the DECLARATION 8 of Dr. Lindenbaum states that 

"[a]nalysis of hybridized spreads at higher magnification. . .show that it is clear that the 

SAT AC is, in fact, separate and autonomous of other cellular chromosomes." In view of the 

statements of the signed Declarants, and without additional evidence that contravenes the 

data provided to the Examiner, the Examiner's statement suggesting that evidence of SATAC 

stability is because they are tethered to a host cell chromosome is inappropriate and fanciful. 

9) The Examiner states that: 

Applicants urge that cited references do not take into account 
the disclosure of the instant specification in regard to SA TACs (see page 
19-20 of response). 

This is not persuasive because the state of the art has been 
established. The teachings of the specification are taken into account 
upon examination and are found to not give guidance in enough 
detail, particularly because this is a pioneering technology, for one of 
skill in the art to make and use and practice the instantly claimed 
invention. 

Applicant has rebutted this assertion under heading 1 ) above. 

10) The Examiner states that: 

Applicants attention is drawn to claims that are drawn to isolating 
the SA TA C and directly introducing the SA TA C into plant cells. There is 
no support literally, or in DECLARA TIONS to indicate that this may be 
done with plant SA TACs, particularly at the time of filing when 
chromosomal manipulation in plants was in its infancy. It is precisely 
because of the novelty aspect of the invention that a detailed disclosure is 
required for enablement. One of skill in the art would have 
appreciated at the time of filing the vast differences between plant and 
mammalian cells and chromosomes and would not have expected 
routine experimentation to result in the successful generation of 
SA TACs in plants. The specification does not show or disclose the 
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successful generation of SATACs in plants. 

Although the comment by the Examiner is set forth under an enablement 
rejection, the specific comment implies that the Examiner believes that there is not 
sufficient support in the specification for generating plant SATACs or introducing 
SATACs into plant cells. Although the rejection for lack of written description is 
addressed below, Applicant rebuts the Examiner's comments here too. 

Applicant respectfully disagrees for reasons of record in previous responses. 
First, the specification teaches a universal method of generating SAT AC in any species 
based on a process fundamental to chromosomal replication in all cells. Thus, any 
differences in knowledge of chromosomal structure and manipulation is irrelevant to the 
method. The method, and the resultant SATACs, require no chromosomal manipulation. 

In addition, the Declarations unequivocally demonstrates and the specification 
unequivocally states that the method is universal and can be applied to plants and 
animals. For example, and as discussed further below, the specification states at page 9, 
lines 15-18 that: 

These methods are applicable to the production of artificial chromosomes 
containing centromeres derived from any higher eukaryotic cell, including 
mammals, birds, fowl, fish, insects and plants. 

And further at page 30, lines 9-12 states that: 

The following discussion describes this process with reference to the EC3/7 
line and the resulting cells. The same procedures can be applied to any 
other cells, particularly cell lines to create SATACs and euchromatic 
minichromosomes. 

Based on the above, and the fact that the specification includes an entire section 
devoted to introduction of DNA into plant cells (see.e.g. at page 54, line 1 to page 55, line 
3 under the section headed "Introduction of heterologous DNA into plants"), which is the 
procedure that initiates the amplification events, it is unequivocally clear that the 
specification describes and teaches a universal process that works equally in plants and 
animals. The steps of the methods genetically described in the application, and exemplified 
using EC3/7 cells, for the generation of artificial chromosomes, such as SATACs and sausage 
chromosomes, works exactly the same in plants. 

In addition, besides teaching in detail the method of introducing DNA into plant cells 
to initiate the amplification process that result in the generation of SATACs and 
intermediates and precursors thereof, the specification also includes an entire section on the 
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introduction of SATACs (any SATAC, plant or animal) into plant cells. For example, the 
specification describes that if the artificial chromosome is contained within a cell, it can be 
introduced by cell fusion or microcell fusion. Other techniques include, but are not limited 
to, direct DNA transfer, electroporation, lipid-mediated transfer, microprojectile 
bombardment, microinjection or PEG-induced DNA uptake, see, for examples, at page 48, 
line 1 1 to page 56, line 21, which includes description of introducing artificial chromosomes 
into plants or heterologous DNA into plants to generate SATAC using the methods described 
in the application. 

There is no requirement for providing Working Examples. "It is not necessary that a 

patent applicant test all the embodiments of an invention." Amgen, Inc. v. Chugai 

Pharmaceutical Co., Ltd., 18 USPQ2d 1016 (Fed. Cir. 1991); In re Angstadt, 190 USPQ 214, 

218 (CCPA 1976). " Representative samples are not required by f l 12, "and are not an end in 

themselves." In re Robins, 166 USPQ 552, 555 (CCPA 1970). In re Anderson, 471 F.2d 

1237, 176 USPQ 331 (CCPA1973): 

The specification is presumed accurate. Absent reasons for doubting the objective 
truth of statements in the specification, applicant has complied with the 
enablement requirement of 35 U.S.C. §112, first paragraph. 

In re Marzocchi & Horton, 58 CCPA 1069, 439 F. 2d 220, 169 USPQ 367, 369-370 (1971): 

[a]s a matter of Patent Office practice, then, a specification disclosure which 
contains a teaching of the manner and process of making and using the invention 
in terms which correspond in scope to those used in describing and describing the 
subject matter sought to be patented must be taken as in compliance with the 
enabling requirement of the first paragraph of 112 unless there is reason to doubt 
the objective taught of the statements contained therein which must be relied on 
for enabling support. 

Notwithstanding this, the Working Examples in the application exemplify practice of 
the method generally, and show how to perform the methods and characterize the resulting 
chromosomal structures. Contrary to the assertions by the Examiner, the Working Examples 
were provided to show and confirm practice of the method in an exemplary cell, which is 
equally applicable to other cells based on the fundamental processes that occur upon 
introduction and incorporation of heterologous DNA into an amplifying region of a 
chromosome of any cell, plant or animal. The DECLARATIONS of records confirm practice 
of the method as taught in the specification in plants. 

11) The Examiner states that: 

No publications of record in the decade since the time of filing 
have shown the successful generation of SA TA Cs in plants. 
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The fact that no publication of record has shown the successful generation of 
SATACs in plants is not dispositive of a lack of enablement. Furthermore, as stated to the 
Examiner in previous Office Actions, Agrisoma, the licensee of the application at issue, is a 
fully funded company that was formed to commercialize the plant satellite artificial 
chromosomes. Agrisoma has generated and commercialized plant satellite artifical 
chromosomes. As a commercial, not institutional entity, there is no reason to publish. As 
described in the DECLARATION 7 of Fabijanski, Agrisoma produces plant satellite artifical 
chromosomes and other intermediates, such as cells with sausage chromosomes, as described 
in the above-captioned application as well as parent applications. As stated Agrisoma did not 
further develop the technology, but has used the technology as described in the application. 
Clearly, this entity exists and its products are fungible. There can be no better proof of the 
successful generation of such structures, then the formation of a company based upon such 
structures. 

12) The Examiner states that: 

The DECLARATIONS of record show chromosomal fragments 
in cells with no demonstration that such fragments, are in fact, 
SA TA Cs. For these reasons, in addition to the reasons of record, it is 
incumbent on Applicants to provide a full disclosure of the technology to 
be patented. 

The Examiner continues to question the validity of assertions made by the 
undersigned and in the DECLARATIONS under penalty of perjury that evidence generation 
of SATACs in plants. The Examiner has provided no sound reasoning for the assertion that 
the DECLARATIONS only evidence "chromosomal fragments" and do not demonstrate 
SATACs. To the contrary, Dr. Fabijanski and Dr. Lindenbaum, persons of skill in the art in 
the field, have attested otherwise. The undersigned reminded the Examiner in the Response 
mailed January 31, 2008, that there is a presumption that statements made in applications are 
true, and that DECLARATIONS include a penalty clause. There is guidance on this matter at 
MPEP 2107, and case law cited below: 

It is incumbent upon examiner to first establish a prima facie 
case of non-enablement ( In re Arbruster , 512 F.2d 76, 185 USPQ 152 
(CCPA 1975); In re Marzocchi , 439 F.2d 220, 169 USPQ 367 (CCPA 
1971)[a]s a matter of Patent Office practice, tehn, a specification disclosure 
which contains a teaching of the manner and process of making and using 
the invention in terms which correspond in scope to those used in 
describing the subject matter sought to be patented must be taken as in 
compliance with the enabling requirement of the first paragraph of § 1 1 2 



Page 25 of 32 



Applicant 
Serial No. 
Filed 



Hadlaczky et al . 
09/724,726 
November 28, 2000 



Attorney's Docket No.: 01 19354-00002/ 402E 

Amendment 



unless there is reason to doubt the objective truth of the statements 
contained therein which must be relied on for enabling support. 

. . .it is incumbent upon the Patent Office, whenever a rejection on this basis 
is made, to explain why it doubts the truth or accuracy of any statement in a 
supporting disclosure and to back up assertions of its own with acceptable 
evidence or reasoning which is inconsistent with the contested statement. 
Otherwise, there would be no need for the applicant to go to the trouble and 
expense of supporting his presumptively accurate disclosure ( In re 
Marzocchi & Horton , 58 CCPA 1069, 439 F.2d 220, 169 USP 367, 369- 
370(1971)). 

See also, e.g. MPEP 2107: 

Office personnel are reminded that they must treat as true a 
statement of fact made by an applicant in relation to an asserted utility, 
unless countervailing evidence can be provided that shows that one of 
ordinary skill int eh art would have a legitimate basis to doubt the 
credibility of such a statement. Similarly, Office personnel must accept an 
opinion from a qualified expert that is based upon relevant facts whose 
accuracy is not being questioned; it is improper to disregard the opinion 
solely because of a disagreement over the significance or meaning of the 
facts offered. 

The Examiner has not provided any objective reason to doubt the truth of the 
statements made by Dr. Fabijanski and Dr. Lindenbaum who have attested in 
DECLARATIONS the generation of SATACs in plants. 
12) The Examiner states that: 

Applicants urge that the specification is not limiting to the ways of 
generating SA TACs and that size and number of chromosomes do not 
need to be known to generate SA TA Cs and that Example 10 is not the 
only way to isolate SATACs (pages 21-22 of response). 

These are not persuasive arguments because one of skill in the art 
is not given sufficient guidance to know which methods would work 
and which would not work in plants. Furthermore, as discussed above, 
wherein the tools and information available for mammalian cells 
are not available for plant cells, additionally information is 
necessary to determine success. The specification does not give guidance 
for determining this information or give guidance indicating the 
necessity of this information. See Genentech, Inc. v. Novo Nordisk, 
A/S, 42 USPQ2d 1001, 1005 (Fed. Cir. 1997), which teaches that 
disclosure of a "mere germ of an idea does not constitute [an] enabling 
disclosure", and that "the specification, not the knowledge of one 
skilled in the art" must supply the enabling aspects of the invention. 

Applicant's arguments in the previous Office Action stated that the description at 

page 126-128 relating to particular cells lines and culturing procedures refers to the choice of 

cell in order to permit large-scale production of artificial chromosomes. The instant claims 
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are directed to methods of generating a transgenic plant and do not require large-scale 
isolation of SATACs. Hence, the teachings of the specification at pages 126-128 are 
irrelevant to the instant claims. 

Further, Applicant stated that the method of isolating SATACs described in Example 
10 is not the only way to isolate SATACs. Exemplary methods of isolating SATACs are 
described in detail in the specification beginning at page 41 under the heading "Isolation of 
Artificial Chromosomes." Notwithstanding this, the specification describes that SATACs can 
be isolated by fluorescence-activated cell sorting (FACs) by taking advantage of the 
nucleotide base content of the SATACs, by virtue of their high heterochromatic DNA 
content, which differs from any other chromosome in a cell (see e.g. at page 41, lines 7-11). 
Isolation of chromosomes in plants by FACs was well known to one of skill in the art at the 
time of filing the instant application and priority applications (see e.g. , de Laat and Blaas 
(1984) Theor Appl. Genet., 67:463-467). Furthermore, it was well known at the time of 
filing the instant application that heterochromatin, including plant heterochromatin, has a 
distinct base content (Guerra (2000) Genetics and Molecular Biology, 23:1029-1041 and 
references cited therein; Martin et al. (1988) Heredity, 61:459-467). 

The disclosure provided in the specification for methods of generating SATACs, 
identifying SATACs and isolating SATACs is generic and universal to any SATAC 
generated from any eukaryotic cell, plant or animal. Thus, the description above for isolating 
SATACs, applies equally to plant or animal SATACs. It would not require undue 
experimentation for one of skill in the art to isolate SATACs using such techniques, since 
such techniques were well known at the time of filing the application. The Examiner has 
provided no reasoning or scientific basis why any of these methods would not work in plants. 

Fairness 

Applicant is entitled to claims that are commensurate in scope not only with what 
applicant has specifically exemplified, but commensurate in scope with that which one of 
skill in the art could obtain by virtue of that which the applicant has disclosed. In the above- 
captioned application, Applicant discloses to the public pioneering methods and 
compositions for the controlled introduction and stable extra-genomic maintenance of large 
heterologous DNA fragments in cells, and the generation of transgenic plants therefrom. It is 
clear that Applicant's discovery is of a pioneering nature, and, as such, is entitled to broad 
claim protection. It would be unfair and contrary to the public policy and to the 
Constitutional mandate set forth in Article, Section 8, to require Applicant to limit the claims 
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to methods using mouse SATACs. To do so would permit those of skill in the art to practice 

what is disclosed in the application but avoid infringing so-limited claims. To so limit the 

claims is contrary to the public policy upon which the U.S. patent laws are based. See, for 

example, In re Goffe, 542 F.2d 801, 166 USPQ 85 (CCPA 1970): 

for the Board to limit appellant to claims involving the specific materials 
disclosed in the examples so that a competitor seeking to avoid infringing the 
claims can merely follow the disclosure and make routine substitutions "is 
contrary to the purpose for which the patent system exists - to promote 
progress in the useful arts." 

The public purpose on which the patent law rests requires the granting of claims 

commensurate in scope with the disclosure. This requires as much the granting of broad 

claims on broad inventions as it does the granting of more specific claims on more specific 

inventions. In re Sus and Schafer, 49 CCPA 1301, 306 F.2d 494, 134 USPQ 301, at 304. 

II. The Rejection of Claims 1-5, 10-18, 20-22 and 24-27 Under 35 U.S.C. §112, First 
Paragraph - Written Description 

Claims 1-5, 10-18, 20-22 and 24-27 and 28 are rejected under 35 U.S.C. §112, first 

paragraph for alleged lack of written description, because it is alleged that the specification 

does not describe the subject matter in such a way as to convey to one skilled in the relevant 

art that the inventor(s) had possession of the claimed subject matter at the time the 

application was filed. The undersigned assumes that the Examiner meant to reject the 

pending claims, which are 50-52, 73-79,81,84, 87-95, 97-99, 101, 104, 108, 111, 114-115, 

117, 119-121 and 128. The claims are rejected for reasons of record that the specification 

allegedly only provides guidance for a satellite artificial chromosome in mammalian cells, 

specifically mouse cells, and does not provide guidance for any plant artificial chromosomes, 

sequences, or methods of making same, or any plant cells comprising any artificial 

chromosomes. 

Applicant respectfully traverses this rejection for reasons of record. Specifically, 

Applicant rebuts each of the Examiner's specific comments below. 

Rebuttal to Examiner's Comments: 

13) The Examiner states: 

Applicants urge that the specification clearly describes the relevant 
identifying characteristics of SATACs (see pages 25-26 of response). 

This is not persuasive because as previously discussed, many of the 
characteristics regarding identification (Le. g-banding and c-banding, 
and centromeric regions) for mammalian SATACs can not readily be 
applied to plant SA TA Cs. 
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It respectfully is submitted that this rejection has been addressed in rebuttal 4) 
above in addressing the enablement rejection. First, it respectfully is submitted that such 
techniques can be applied to plants, and the Examiner has shown no evidence otherwise. 

Second, the specification provides exhaustive detail of the structure of SATACs, 
which apply equally to plants or animals. The only difference between a plant SATAC 
compared to a mammalian SATAC is that the former contains a plant centromere. The 
application makes clear that the common attributes possessed by the members of the genus 
of satellite artificial chromosomes are relatively invariant: they have more heterochromatin 
than euchromatin and generally contain duplicated segments of DNA, which includes 
highly repetitive DNA, such as, for example, pericentric heterochromatic DNA or satellite 
DNA (see e.g., page 7, lines 15-20). Furthermore, all arise by the amplification events as 
described in the application. The application describes that, except for the heterologous 
nucleic acid such as a selectable marker or other foreign DNA, the SATACs contain 
predominantly non-protein encoding heterochromatin (see page 7, lines 17-22). The 
application describes that this megachromosome (i.e. SATAC) is stable and can replicate 
and segregate alongside an endogenous chromosome (see e.g., page 16, lines 22-35; page 
34, line 23). 

Based on these identifying characteristics, the specification describes how to 
identify a satellite artificial chromosome, for example, by C-banding and/or fluorescence in 
situ hybridization (FISH) using labeled probes to visualize the amplified heterochromatin 
and the heterologous DNA. Finally, the DECLARATIONS of record evidence 
identification of SATACs in plants based on these identifying characteristics common to 
all SATACs using the exact techniques disclosed in the application and known to one of 
skill in the art at the time the application was filed. Thus, Applicant clearly described the 
identifying features of all SATACs, as they apply to plants and animals. 

14) The Examiner states: 

Applicants urge that there is no requirement that all species within 
a genus be reduced to practice, nor that the specification include all 
examples of all species within a genus (page 26 of response). 

This is not persuasive because the genus referred to by Applicant is 
already patented. However because this case is drawn to plant 
SATACs the genus of the instant case is the generation of plant 
SATACs. There are no embodiments described or disclosed and there 
are no working examples. 
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As stated by the Applicant in previous Office Actions, there is no standard for 
patentability requiring a Working Example for everything claimed. It respectfully is 
submitted that Applicant has described in detail SATACs, including plant SATACs. To 
repeat from previous responses, as described in the specification, the method is generalizable 
and universal to all chromosomes and species (see e.g. at page 36, lines 3-4), thereby 
generating species-specific chromosomes. The application specifically teaches that the 
process can be applied to any species, including plants and animals. For example, the 
specification teaches generically the steps of the method {e.g. at page 6, lines 15-24): 

The chromosomes provided herein are generated by introducing 
heterologous DNA that includes DNA encoding one or more multiple 
selectable marker(s) into cells, preferably a stable cell line, growing the 
cells under selective conditions, and identifying from among the resulting 
clones those that include chromosomes with more than one centromere 
and/or fragment thereof. The amplification that produces the additional 
centromere or centromeres occurs in cells that contain chromosomes in 
which the heterologous DNA has integrated near the centromere in the 
pericentric region of the chromosome. The selected clonal cells are then 
used to generate artificial chromosomes. 

And further states at page 9, lines 15-18: 

These methods are applicable to the production of artificial chromosomes 
containing centromeres derived from any higher eukaryotic cell, including 
mammals, birds, fowl, fish, insects and plants. 

And further at page 30, lines 9-12 states that: 

The following discussion describes this process with reference to the EC3/7 
line and the resulting cells. The same procedures can be applied to any 
other cells, particularly cell lines to create SATACs and euchromatic 
minichromosomes. 

The description in the specification renders it clear that Applicant's were in 
possession of a method of generating amplified chromosomes in plants because there is an 
entire section in the specification devoted to exemplary plant hosts and methods of 
introducing heterologous DNA into plants (see.e.g. at page 58, line 1 to page 59, line 5 under 
the section headed "Introduction of heterologous DNA into plants")- The steps of the method 
are the same in all species. 

Thus, although a Working Example was not specifically provided in plants, the 
specification renders it clear that the same procedures can be applied to any other cell to 
create SATACs. The inclusion of several pages devoted to a description of plant "hosts" and 
method to "introduce heterologous DNA into plants" to initiate the amplification events is a 
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sufficient description for one of skill in the art to practice the method as claimed. The 

specification provides detail of exemplary plants, methods of introducing DNA into plants, 

relevant identifying features of SATACs common to all eukaryotic species, mammals and 

plants, and methods to identify the resulting structure. Applicant steadfastly maintains that 

the based on this description one of skill in the art could practice the subject matter as 

claimed. 

15) The Examiner states that: 

Applicant requests the Examiner point out where in the 
specification the known centromeres for mammalian SATACs are 
found and urge that none of these features are necessary for the 
generation of SATACs (pages 27-29 of response). 

This is not persuasive because the specification on page 73, 
identifies sequences, mouse minor satellite DNA that specifically 
localizes to the centromeres of all mouse chromosomes. The 
specification also describes antibodies to known centromere associated 
proteins in mammalian cells for the recognition of SATACs, another 
tool not available for the recognition of plant SATACs. 

It respectfully is submitted that the Applicant requested the Examiner to point out 
where in the specification SEQ ID NOS for mammalian centromeres were provided in the 
specification, since in the last Office Action the Examiner stated that "while these structural 
features have been described and disclosed for mammalian centromeres and origins of 
replication in the form of SEQ IDs, these structures have not been disclosed for plant 
centromeres or origins of replication." Therefore, Applicant presumes that the Examiner 
could find no such support, since none exists. As stated by the Applicant throughout this 
response and previous responses, no knowledge of any centromere sequence is required to 
practice the method as claimed and no human centromeres were provided or used. Further, 
DNA fragment lambda CM8 does not contain a human centromere (see e.g. Cooper et al. 
(1992) Human Mol. Genetics, 1:753-754; and McGill et al. (1992) Human Mol. Genetics, 
1 :749-751). XCM8 is merely and exemplary DNA fragment used in the Examples in 
mammalian cells that can be introduced into the cell to initiate amplification events. 

As discussed in the previous response, the use of anti-centromere antibodies or mouse 
minor satellite DNA probes, is only one way to show that the S ATAC contains a functioning 
centromere. Assessment of stability and maintenance of the S ATAC under selective and 
non-selective conditions is another way based on analysis of identifying characteristics. For 
example, Example 6 depicts identification of a SATAC using a probe to mouse major 
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satellite DNA, which recognizes the constitutive heterochromatin and a probe to heterologous 
DNA, which co-localized with the mouse major satellite DNA segments by in situ 
hybridization. This is one way to identify a SATAC. Staining for the centromere is not 
necessary, since presence a centromere can be evidenced and inferred by the fact that the 
SATACs function as a stable chromosome. 



In view of the amendments and remarks herein, examination on the merits 
respectfully is requested. 
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|ttu hybridization confirms jumping nucleolus organizing 
l^ons in Allium 



. Hubert and U. Wobus 

^^f^nstitut fur Genetik und Kulturpflanzenforschung der AdW der 
ti^i Democratic Republic 



DDR, DDR-4325 Gatersleben, 



^ISract. In situ hybridization with a l25 I-rDNA clone 
&nfoi Viciafaba was performed against Allium cepa and 
i' - .ff ee str ains of top onion, which represent hybrids between 
%cepa and A.fistulosum. In principle, the labelling patterns 
: jy^spond to the patterns of the silver-stained nucleolus 
iganizing regions (NORs) in the same species. This 
strongly supports the inference drawn from the Ag-NOR 
jjatterns that NORs can jump between terminal heterochro- 
i&tm blocks of different Allium chromosomes in the paren- 
: tat species A. cepa as well as in their interspecific hybrids. 



Introduction 

Extensive genetic and molecular studies on the widespread 
occurrence of mobile genetic elements during recent years 
has led to far-reaching conclusions as to the functional and 
evolutionary significance of DNA transposition. However, 
the number of species and transposable sequences studied 
is still very limited in higher plants. One of us postulated 
earlier that nucleolus organizing regions (NORs) in some 
. onion species behave like mobile genetic elements (Schubert 
1984). This conclusion was based on the variability in size, 
number, and chromosomal position of active NORs and 
the number and size of interphase nucleoli after AgN0 3 
staining in Allium cepa and A.fistulosum and their interspe- 
cific hybrids. 

The following established phenomena (for review see 
Rieger et al. 1 979) were considered as possible explanations 
for intraspecific variability between nonhomologous 
NORs: (1) differential amphiplasty (Navashin 1927, 1928) 
implicating repression in species hybrids of NOR(s) of one 
Parental species; (2) nucleolar dominance, when as in barley 
(Nicoloff et al, 1979) two NORs are combined in one chro- 
mosome and one supresses the activity of the other; and 
0) chromosomal interchanges involving regions containg 
N ORs, translocating them into a new chromosomal posi- 
tion. Differential amphiplasty was excluded as an explana- 
tion since (a) variability occurred also in parental species 
and (b) the NORs of both parental species could be ex- 
Pressed in the hybrid species. Nucleolar dominance was 
als o exlcuded because no combination of two NORs in 
° n e chromosome occurred. Finally, in u parallel investiga- 
tl °n Giemsa banding patterns (Schubert et al. 1983) gave 
n ° evidence for gross chromosome interchanges in parental 
0r ' n hybrid species. 



However, no definite decision was possible as to whether 
differential activation or mobility of NORs was responsible 
for the variability observed, since silver staining labels only 
actively transcribing NORs. Therefore in situ hybridization 
was performed to localize active as well as inactive rDNA. 
The results strongly support the mobile NOR hypothesis. 
The NORs of A. cepa and possibly also those of A. fistulo- 
sum are, in all probability, able to move between telomeric 
heterochromatin blocks of different chromosomes. 



Material and methods 

Lateral roots of bulbs of A. cepa and different strains (15, 
124, and 437) of top onions from the Gatersleben gene 
bank collection were used. The hybridogenic origin of the 
top onions [Allium x proliferum (Moench) Schrad.] from A. 
fistulosum L. and A. cepa L. was substantiated by Giemsa 
banding and AgN0 3 staining of NORs (Schubert et al. 
1983). 

Preparation of slides. Roots were treated with 0.05% colchi- 
cine for 2.5 h, then fixed in ethanol/acetic acid (3/1), di- 
gested in 1% pectinase (Serva) and 2% cellulase (Serva) 
for 2 h at 37° C in 0.1 M sodium citrate buffer, pH 4.7. 
Squashing was performed by the dry ice method. 

Probe labelling. A plasmid (VER 17) with a 3.7 kilobase 
pair (kb) rDNA fragment from Vicia faba, cloned in 
pBR325 and containing parts of the 18S, the 5.8S and a 
large part of th 25 S rRNA coding regions as well as internal 
transcribed spacers (see Yakura and Tanifuji 1983), was 
labelled by nick translation with l25 I-dCTP (~68TBq/ 
mmol, Amersham) to a specific activity of ~10 8 dpm/ug. 

Hybridization procedure. Freshly prepared and air-dried 
slides or slides stored in glycerol were washed twice for 
5 min and once for 20 min in 2 x SSC (sodium chloride/ 
sodium citrate) and once for 30 min at 60° C in 2xSSC; 
then placed in 70% and 96% ethanol for 10 min each; and 
air dried. Then 20 ul RNase (lOOug/ml 2 x SSC) was ap- 
plied to each slide for 40 min at 24 °C. Slides were washed 
twice for 5 min and once for 30 min in 2 x SSC; then sub- 
jected to 5 min postfixation in 4% paraformaldehyde in 
phosphate-buffered saline (PBS) and two 3-min washes in 
PBS; dehydrated through 30%, 60%, 80%, 96%, 100% 
ethanol for 10 min each; and air dried. A 10-ul sample 
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slips were se<ucu o hybridization at 30 C 



Results 

NORs after 6 iu oa> ^ f hele rologous hybrid- 

observed for homologous hybridization. 
Allium cepa 

nucleolar ^S^^^^^ 

^ cJ I" S indTvidJals a positive signal was 

Table 1. Numbers of metaphases with 1, 2, 3, or 4 sites labeHed 
15,124 and 437* 



found exclusively al the end of the short arm of the 'star,. 
K nucleolar'chrornosornes which normaHy possess , 
small heterochromatic satellite distal to he NOR. 

Another individual most frequently showed four hybrid. 
ftnouB. regular nucleolar chromosomes 

"TwoTheendo ^h'sVon arm of the shortest submeu! 

chromosome pair.. Comparable ™>« ^ * 
mined with AgNOj staining m A. cepa t>y Sato (1981). 
n a further individual, the main number of rDNA ^ 
was three two at the regular nucleolar chromosomes and 
one at the end of the short arm of one chromosome of 
c^Xst oair In the fifth slide, two to four signals were 
£SS ^ on P m taphase chromosomes, the third and fourth 
ooservcu u K smallest chromosomes) were, however, 

at the NOR sites orth; 

usual nucleolar chromosomes. 
Top onion strain 124 

In this line, ^^S^^^SSL 
^XtrBe^onfand four, but most fluently 
Two or Aree, metaphase chromosomes were labelled by 
•»I-rDNA The strongest labelling was on the NOR.tf 
the A cepa nucleolar chromosome, the next strongest to 
either on a smaller submetacentric chromosome (probably 
either on e l m somewhat larger nearly 

the smallest ™J* n *L™ p ?> A a large submetacentric one 
nretacentnc chromo^me and larg ^ ^ 

ESLS at the NOR of the on***, 



by rDNA in individual slides of 4ft. and top onion 



Slide 
No. 



Allium cepa 



13 18 23 



Top onion strain 124 
20 



10 15 



24 



Top onion strain 437 
J1 16 21 25 



No. of NORs 

1 
2 
3 
4 



22 45 



2 
4 
13 



2 
2 
2 



2 
4 
1 
2 



5 

14 
10 
4 



Total 



>tal 13 22 45 19 6 18 » * " ~~r fcw chr omoso^| 

indicate the pair of satellite-less original nucleolar ^^^3"°! 
•JSSSTS same mastic. Bar represent, 10 urn ^ 



33 



10 



2 
9 
14 
5 

30 




c Complete meiapna> „v. ^ ^ mBgniricallo „. bar repress ,v ^ 

chromosomes pair. AU pnoiob wc. nucleolar cn ' ^$1 



^^ISl^^^o A. nuc.eo.ar 
and three larger more metacentric chromosomes 
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ments. 

To/? onion strain 457 

124 (Table 1, Fig. 3 b, c). 
Top onion strain 15 

in this strain the original nucleolar chromosome ofA.futu- 

showed on S e to four labelling centers: most frequent ly ^ 
snoweo onc 4 . are i y on e or four. The ma- 

JSS 3 » 25 Sn X suL showed two signals 
it the NOR. of regular nucleolar chromosomes of both 



species. In this case, however the -f^^J 
found to be more heavily labelled than the, egm 
NOR (Fig 4b). When only one chromosome was a 
Kna'fwas confined to the ^^X^ 
mosome. A third positive signal ocoaonaWo 
minally in a large A. «/w chromos « J ? " ^ 
chromosome smaller than the usual ^gerta^ ^ 
of ^. ce/x> (Table 1). This result d.ffcrs from 
obtained by silver staining ^at s, -r dep «* ^ 
sively observed at the regular A- f ,s '™°"'" the i„div^ 
1984). This is due to d.fferences between^ tn ^ 
investigated in both experiments, as bonv ° u ^ vidua l| 
ing of root tip meristems from ^ "f^fcoseca* 
were used for hybridization expenmen s - ^ (F>§ 
two, or even three nucleoli per 'n te ^ haS f v ° duaIs us*} 
instead of only one as observed in ind.via „ 
previous experiments. dN a sil 

We infer from these results that me 
appear in addition to the regular " arfllS . Hg 
heferochromatic ends of short chromosMW ^ 
in those cases where a P™ 11 ^*^"^ origin* 1 
peared in a chromosome larger than whethe r t 
nucleolar chromosome, we are not su 
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M« Top onion strain 15. a Feu.g^-stained ^Z^^wZl^T™?^ ffS^c^KS 
(wilh satellite) and that of A. cepa (wUhout satell.te). b ^P h ^ e f °™ sl ' d ' 9 T*Ja nucleolar chromosome, c Interphase from 

with two silver-stained nucleoli 



ling was confined always to one and the same chromosome 
or whether different chromosomes of the group of the larger 
A. cepa chromosomes were involved. As to the signals in 
chromosomes smaller than the original nucleolar chromo- 
somes of A. cepa (except in the A.fistulosum nucleolar chro- 
mosome) it remains also an open question whether only 
the two smallest A, cepa chromosome pairs or also the 
largest chromosomes of A. fistuloswn are labelled since 
these chromosomes are rather similar in size and morpholo- 
gy- 



ion 

results obtained by rDNA hybridization in situ corre- 
spond, in principle, to those found after silver staining of 
NORs and nulceoli in the Allium species under investiga- 
tion. 

The following findings argue against an activation-inac- 
fivation process of NORs and support the hypothesis of 
lnt «rchromosomal mobility of NORs in Allium genomes: 

(1) In A. cepa, one to four Ag-NORs may occur (Sato 
19g l) in different individuals. Our in situ hybridization data 
also revealed two to four labelled chromosomes in different 
ind ividuuls and not always four as would be expected in 
^ of a differential activation or inactivation of NORs 
at Permanent rDNA sites. 

U) In top onion strains, which should have up to three 



NORs (one from A.fistulosum and maximally two from 
A cepa), one to four rDNA sites were observed and as 
with AgN0 3 staining, there was not only variability be- 
tween strains and individuals but also between metaphases 
from the same individual (see Table 1). 

(3) At least one of the large A . cepa chromosomes, which 
in the parental species showed neither Ag-NOR staining 
nor an rDNA hybridization signal, showed silver deposits 
(Schubert 1984) as well as hybridization signals in some 
cells of the top onion strains. 

(4) With respect to the label observed in chromosomes 
smaller than the usual A, cepa nucleolar chromosome (the 
A.fistulosum nucleolar chromosome excluded) it was not 
always the same smallest submetacentric A, cepa chromo- 
some that was found to be labelled. In addition, the second 
smallest, more metacentric chromosome of A. cepa or possi- 
bly one of the largest A. fistuloswn chromosomes could 
form the Ag-NOR or exhibit an rDNA hybridization site 
(Fig. 2b). 

Therefore, it seems that NORs of some Allium chromo- 
somes are free to jump at least between some preferential 
chromosomal sites, either by means of adjacent transpos- 
able elements or due to the presence of recombination hot 
spots in the terminal heterochromatin blocks of the short 
chromosome arms that find homologous sequences mstde 
or proximal to the NORs. Surprisingly, the most pro- 
nounced mobility occurs when the original NOR chromo- 
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somes lost their satellites. No good explanation for this 

'•"ZSS'XS? Lwe us believe that mobility of 
NORslsnot confined to AlHum. Toe 
of nucleoli in Crotalaria (Verma and Rama i 1981), the oc 
current of additional rDNA with ■ NOR-fonnmS a J.ty 
in the intercalary heterochromatin of . <" t * n et aL 

1978). and recent da, obU^ 
S^fmSSeS of Ag NORs- The chromosomal po- 
Sor, of NORs in these individuals ™^™^f£ 
to the rDNA hybridization patterns (Zakharov <™<>*f° 
Una personal communication). This excludes the possrtnhty 
thatX observed variability was due to activation ^or nacu- 
vation of the rDNA sites in question and receives add. tional 
Import from the evidence of f^.**™*^"" 
nonhomologous human NORs (Arnhe.ni et £ R 1980 > a 

The only alternative explanation of NOR variability 
wouTdV. according to our opinion, ^f^f^S^S 
rDNA copies at different chromosomal sites (Ch.lds et a.. 
?81) - undetectable by in situ hybridization „ -by AgNO 
stainine - could under certain conditions amplify very 
Sly to form functional NORs. However, at Present we 
aVe unaware of any experimental data in support of this 
assumption. 

kindness in providrng^ u. wrth ; ersonal cornmU nica- 

to Drs A.F. Z akh .^° v ^ n r d „^- ^ffitau, Hildebrandt for excel- 
tion orthe,r ^^^^m-, for critical reading 
lent technical assistance, and to Prol. k. wege 
of the manuscript. 
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Fluorescence in situ hybridization (FISH) is an increas- 
ingly powerful tool with a variety of applications in 
both basic and applied research. With excellent genet- 
ic, cytogenetic and molecular maps available, the to- 
mato genome provides a good model to benefit from 
the full potential of FISH. Tomato chromosomes at 
mitotic metaphase are small and not particularly suit- 
able for high-resolution FISH. In contrast, chromo- 
somes at meiotic pachytene are about 15 times 
longer, and easier to identify by their differences In 
chromosome arm lengths and chromomere pattern. 
We have developed a technique for preparing chromo- 
somal spreads of young pollen mother cells at mid- 
prophase I which is suitable for FISH. In a first series of 
experiments, the hybridization patterns of three 
classes of repetitive DNA sequences were studied in 
single and multicolour FISH. 

Key words: fluorescence in situ hybridization, pachytene, 
metaphase, repetitive sequences, tomato 



Introduction 

With the advent of the fluorescence in situ hybridization 
(FISH) technique, cytogenetics has become instrumen- 
tal in analysing the molecular organization of eukar- 
yote chromosomes (for review see Heslop-Harrison 

1991, Joos et al. 1994). In animal and human sys- 
tems, multicolour FISH has thus been applied to con- 
struct cytogenetic maps showing the positions and 
order of molecular probes along the chromosomes, 
including cosmids (Lichter et al. 1990, Inazawa et al. 
1994), YACs (yeast artificial chromosomes) (Selleri et al. 

1992, Marrone et al. 1994, Moir et al. 1994) and small, 
single-copy probes (Heppell-Parton et al. 1994, Muleris 
et aL. 1994). As for plants, FISH has seen so far different 
types of applications (for review see Jiang & Gill 1994), 
ranging from the detection of alien chromosomes or 
segments in cereals (Schwarzacher et al. 1992a, Mukai et 
al. 1993) and the detection of parental chromosomes in 
(a)symmetric somatic hybrids (Parokonny et al. 1992, 
Schwarzacher et al. 1992b, Wolters et al. 1994, Jacobsen 
et al. 1995), to the mapping of repetitive and low-copy 



DNA sequences in various species (Leitch et al. 1991, 
Maluszynska & Heslop-Harrison 1991, Albini & 
Schwarzacher 1992, Xu & Earle 1994). 

Tomato, with its excellent cytogenetic, genetic and 
molecular maps (Khush and Rick 1968, Tanksley et al. 
1992), provides a good model for applications of FISH. 
In focusing our attention on chromosome 6, we have 
recently succeeded in integrating the molecular and 
classical linkage data into a combined map (Weide et al. 
1993, Van Wordragen et al. 1994). With the final goal of 
developing a cytogenetically based physical map of 
chromosome 6 that further combines the order of loci 
from the molecular/ genetic linkage map with cytolo- 
gical markers, we have started a molecular cytogenetic 
analysis of the tomato genome using FISH. As tomato 
chromosomes at mitotic metaphase are too condensed 
(2-4.5 \im) for high-resolution physical mapping, such 
a map should be constructed using chromosomes at 
pachytene stage exploring their distinct morphology 
and highly differentiated pattern of euchromatin and 
heterochromatin (Ramanna & Prakken 1967). In this 
report, we present a technique for preparing chromo- 
some spreads of young pollen mother cells at mid- 
prophase I that is particularly suitable for applications 
in FISH. As an example, the mapping of three classes of 
repetitive DNA sequences is described. 



Materials and methods 

Lycopersicon esculentum cv Cherry was used in all experiments. 
The following DNA clones were selected for probe labelling: 
(1) rDNA, an 0.7 kb petunia genomic DNA fragment derived 
from the 5' end of the 25S rRNA gene (Van Blokland et al. 
1994); (2) TGR1, a 162 bp telomere-associated satellite repeat 
(Ganal et at. 1988), localized on most of the distal chromosome 
ends (Lapitan et al. 1989); (3) THG2, a 452-bp repeat member of 
a large, complex dispersed repeat (Zabel et al. 1985). 

Young anthers about 3-4 mm long were selected for meiotic 
chromosome preparations. The stage of development was 
determined routinely in an acetocarmine squash preparation 
using a single anther from a flower bud. If at prophase I, the 
remaining anthers were fixed directly in acetic acid-ethanol 
(1:3) for 15-30 min, rinsed in deionized water and then in- 
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cuba ted at 37°C for 2-3 h in a mixture of pectolytic enzymes 
containing 0.3% cytohelicase (Sepracor, France), 0.3% cellulase 
'Onozuka' RS (Yakult Honsha, Tokyo, Japan) and 0.3% pec- 
tolyase Y-23 (Sigma P3026) in 10 mM citrate buffer, pH 4.5. 
After two washes in deionized water, the anthers were care- 
fully transferred onto grease-free slides, and the pollen mother 
cells were dissected out of the anthers into a 1-ul droplet of 
water using fine-mounted needles, thereby taking care to 
remove supporting tissue as much as possible. Then 5 p\ of 
60% acetic acid was added and the pollen mother cells were 
left for 1-2 min until the cytoplasm became sufficiently clear. 
A rim of freshly prepared, ice-cold (0°C) fixative was put onto 
the slide around the droplet containing the meiotic cells. 
Shortly after the fixative had mixed with the cell suspen- 
sion, the cells were spread on the slide by adding some more 
drops of fixative on top of the material. Immediately after this 
treatment, the slide was briefly immersed in absolute ethanol, 
and then left to dry. The slides could be used directly for the in 
situ hybridization or were stored at — 20°C for up to several 
months. 

Slides with mitotic metaphase complements were obtained 
from root tip meris terns. The root tips from 2- to 4- week-old 
plants were pretreated in the spindle inhibitor 8-hydroxyqui- 
noline (2 mM) for 2.5 h at 17°C and fixed in acetic acid- 
ethanol (1:3) fixative for at least 15 min. Further treatments 
were as described for the meiotic cells, though the enzymatic 
incubation was limited to 1-2 h in a mixture containing only 
0.1% of the three enzymes. 

Probe DNA (1 ng) was labelled with either biotin-1 6-dUTP 
or digoxigenin-ll-dUTP by random primer or nick translation 
labelling using the protocols of the manufacturer (Boehringer 
Mannheim, Germany). The in situ hybridization protocol was 
carried out according to Wiegant et at. (1991) with some 
modifications. The slides were pretreated with 100 ug/ml 
DNAase-free RNAase A in 2 x SSC (0.3 M sodium chlor- 
ide, 0.03 M sodium citrate, pH 7.0) at 37°C for 1 h and then 
washed three times for 5 min in 2 x SSC. Then, the slides were 
incubated in 5 ug/ml (20 units/ml) pepsin in 0.01 M HC1 for 
7-10 min at 37°C, washed three times in 2 x SSC for 5 min, 
treated in 1% (w/v) alkaline formaldehyde (in borate buffer, 
pH 8.6) for 10 min at room temperature, washed three times in 
2 x SSC for 5 min, dehydrated in a graded ethanol series (70%, 
90% and 100%), and finally air dried. The hybridization 
mixture (20 ul per slide, containing 50% formamide, 
2 x SSC,, 10% sodium dextran sulphate, 50 mM phosphate 
buffer pH 7.0, 1-2 ng/ul probe DNA and 50-100 ng/ul sal- 
mon sperm DNA) was added to the pretreated chromosome 
preparations and heated to 80°C for 2 min to denature the 
probe DNA and the chromosomal DNA. In situ hybridization 
was allowed to proceed at 37°C overnight, followed by post- 



hybridization washes for 3 x 10 min in 50% formamide, 
2 x SSC pH 7.0 at 42°C, 10 min in 2 x SSC at room tempera- 
ture, 3x10 min in 0.1 x SSC at 56°C and 10 min in 2 x SSC at 
room temperature. 

Detection and amplification was according to the manu- 
facturer's protocols (Boehringer Mannheim). Digoxigenin-la- 
belled probes were detected with fluorescein-conjugated anti- 
digoxigenin antibodies and amplified with fluorescein-conju- 
gated rabbit anti-sheep antibodies (F135, Nordic). Biotin-la- 
belled probes were detected with avidin-Texas red and 
amplified with biotin-conjugated goat anti-avidin and avi- 
din-Texas red. Chromosomes were counterstained with DAPI 
(5 ug/ml in Mcllvaine buffer, pH 7) or propidium iodide 
(5 jig/ml in water). The slides were mounted in Vectashield 
(Vecta Laboratories) antifade mounting. The hybridization 
signals were studied in a Zeiss Axioplan microscope equip- 
ped with Plan Neofluar optics and epifluorescence illumina- 
tion using the filter sets 01, 09 and 14 for DAPI, FITC and 
TRITC respectively. Photographs were taken on 400 ISO colour 
negative film. The images obtained from simultaneous hybri- 
dization with two different probes were captured with a high- 
sensitivity charge-coupled device (CCD) camera (Extended 
Isis, Photonic Science, UK) or scanned from negatives, 
merged and pseud ocoloured using appropriate image proces- 
sing software. 



Results 

Successful localization of DNA sequences on chromo- 
some spreads requires preparations of high quality. 
This is even more true for meiotic cells in which 
remnants of thick callose walls and cytoplasm generate 
higher levels of background and reduced hybridization 
signals. Therefore, our initial experiments were primar- 
ily focused on improving the technique for combining 
optimal spreading of well-differentiated chromosomes 
with limited cell damage and clear background. Crucial 
improvements were achieved by: 

• Limiting the fixation time of the anthers to only 15- 
30 min. 

• Prolonging the digestion with highly purified pec- 
tolytic enzymes to achieve complete breakdown of 
the callose walls without any risk of affecting the 
chromatin integrity. 

• Controlled spreading of the cells using ice-cold 
acetic acid-ethanol fixative. Unlike the traditional 



Figure 1. Fluorescence in situ hybridization patterns of three repetitive sequences on metaphase and pachytene 
chromosomes of tomato, Lycopersicon esculentum cv. Cherry. A FISH of rDNA on pachytene chromosomes. The rDNA 
probe was labelled with digoxigenin and detected with anti-digoxigenin-FITC. ( x 1500). B FISH of TGR1 on pachytene 
chromosomes. The TGR1 probe was labelled with digoxigenin and detected with anti-digoxigenin-FITC. The arrow 
indicates the large heterochromatin satellite region at the short arm of chromosome 2 ( x 1910). C Simultaneous FISH of 
rDNA and TGR1 on metaphase chromosomes. The rDNA probe was labelled with digoxigenin and detected with anti- 
digoxigenin-FITC (green) and the TGR1 probe was labelled with biotin and detected with avidin-Texas red (red). The three- 
colour image has been obtained by merging and pseudocofouring the FITC, Texas red and DAPI images using appropriate 
image-processing software. The arrows indicate the chromosomes without the TGR1 signals at the ends of the long arms 
( x 1900). The chromosomes in A-C were counterstained with DAPI. D & E FISH of THG2 on metaphase and pachytene 
chromosomes respectively. The THG2 probe was labelled with digoxigenin and detected with anti-digoxigenin-FITC. The 
chromosomes were counterstained with propidium iodide. The arrow in E indicates the large heterochromatin satellite 
region at the short arm of chromosome 2 (D, x 1520; E, x 1450). 
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squashing method, cell spreading protocols in to- 
mato generally caused less chromosome loss and 
damage and resulted in an increase in the number of 
properly spread and complete meiotic prophase 
nuclei that were virtually free of cytoplasm. 
Briefly washing the slides in absolute ethanol im- 
mediately after cell spreading to clear up the back- 
ground further. 



Tomato chromosomes at pachytene are approximate- 
ly 15 times longer than at mitotic metaphase (Ramanna 
& Prakken 1976) and exhibit a well-differentiated pat- 
tern of eu- and heterochromatin, which, along with 
chromosome length and centromere position, permits 
the identification of all 12 pairs. Upon DAPI or pro- 
pidium iodide counterstaining, this pattern is largely 
retained, showing prominent fluorescing blocks at the 
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pericentromeric regions and the telomeres, along with 
faint fluorescence at the euchromatic parts and the 
centromeres (see Figure 1A, B & E). The satellite of 
chromosome 2, which is quite large in the tomato 
cultivar used, showed a brighter fluorescence, prob- 
ably reflecting the presence of AT-rich highly repetitive 
DNA sequences (see arrows in Figure IB & E). 

To establish optimum conditions for FISH, pachytene 
chromosome preparations were subjected to hybridiza- 
tion with some control probes of known chromosome 
location. Hybridization with digoxigen in-labelled 
rDNA, followed by detection with anti-digoxigenin- 
FITC, revealed a strong and specific green fluorescent 
signal at the large distal block of the satellite chromo- 
some of chromosome 2 (Figure 1A>. The second probe 
tested was the telomere-associated satellite sequence 
TGR1, a 162-bp repeat shown to be located on 40 out of 
the 48 chromosome ends and on some interstitial sites 
of mitotic meta phase chromosomes (Ganal et al. 1988, 
Lapitan et al. 1989). Simultaneous hybridization of 
. biotin-labelled TGR1 and digoxigenin-labelled rDNA 
probes on meta phase chromosomes showed bright red 
fluorescent signals of TGR1 at 40 of the 48 chromosomal 
ends (Figure 1C). No TGR1 signals were detected on 
chromosome 2 (identified by carrying the green signals 
of the rDNA probe), whereas two pairs of chromosomes 
only exhibited signals at their short arms (see arrows in 
Figure 1C). FISH of digoxigenin-labelled TGR1 on 
pachytene chromosomes (Figure IB) revealed 20 out 
of 24 pachytene bivalent ends with green TGR1 signals. 
There was a striking difference in size of the TGR1 
signals, suggesting a considerable variation in sequence 
length of this satellite repeat among the chromosomes. 
The pachytene bivalents not only showed a distribution 
of distal TGR1 signals similar to that of the metaphase 
chromosomes (Figure 1C), but they also revealed small 
TGR1 spots at some interstitial sites. 

The 452-bp Hindlll repeat THG2 is a cloned member 
of a large, complex dispersed repeat family specific for 
the tomato genome (Zabel et al. 1985, Wolters et al. 
1991). Its distribution pattern was studied in prepara- 
tions containing spread nuclei from both pollen mother 
cells at pachytene (Figure IE) and their accompanying 
endopolyploid tapetal cells (Figure ID) using digoxi- 
genin-labelled THG2 probe. Hybridization on the high- 
ly condensed metaphase chromosomes indicated that 
this repetitive sequence occurs on all chromosomes, but 
that the number of copies differs considerably among 
the individual chromosomes. Here again, hybridization 
on pachytene chromosomes showed superior resolu- 
tion. Signals were mainly confined to the proximal 
heterochromatin regions. 



We have improved the cell spreading and subsequent 
treatments in such a way that the characteristic differ- 
entiation of euchromatin and heterochromatin seg- 
ments of pachytene bivalents, as described for 
carmine- or Feulgen-stained squash preparations, was 
fully retained in the DAPI- or propidium iodide-stained 
chromosomes. Such differentiation is indispensable for 
the identification of all 12 bivalents and, thus, for 
assigning molecular markers and repetitive sequences 
by FISH to specific regions of the cytogenetic map.The 
physical resolution of chromosomes at pachytene stage 
is, on average, 15 times higher than at metaphase stage, 
but differs significantly between euchromatic and het- 
erochromatin parts of the chromosomes. Rarnanna & 
Prakken (1967) made a comparison of the mean lengths 
of these chromatin segments between pachytene chro- 
mosomes and the corresponding metaphase chromo- 
somes and found that proximal heterochromatic 
segments were reduced in length by a factor of 4-5, 
whereas the euchromatic parts might differ by a factor 
of 25-30. This implies that such differential contraction 
should be taken into account when deducing physical 
distances between markers on the chromosomal DNA. 
In addition, the more condensed chromatin segments 
might also be less accessible to probes in FISH experi- 
ments. 

FISH conditions for both metaphase and pachytene 
spreads have been established using three different 
types of repetitive DNA sequences, two of which have 
known chromosomal location, ribosomal DNA and the 
telomere-associated repeat TGR1 (Ganal et al, 1988, 
Lapitan et al 1989). In all cases studied, FISH on 
pachytene spreads was clearly superior in providing 
signals at a much higher resolution. As for the dis- 
persed repeat probe THG2, for example, FISH on 
pachytene spreads showed a highly defined dispersion 
pattern with signals mainly confined to the hetero- 
chromatin regions and large stretches of chromosomes 
devoid of any signal. In contrast, virtually no differ- 
entiation in signal distribution was obtained in employ- 
ing metaphase spreads, indicating that any future high- 
resolution mapping in tomato should be conducted 
with chromosomes at meiotic pachytene stage. 

As is already common practice in animal and human 
cytogenetics, FISH offers the possibility to visualize 
simultaneously multiple targets in a single speci- 
men. In tomato, multicolour FISH would be a powerful 
tool in constructing integrated chromosome maps. In 
this regard, the simultaneous detection of two classes of 
repeats as described in the present paper provides a 
first step towards this goal. 



Discussion 

Our focus was primarily on screening current chromo- 
some techniques for their ability to yield high numbers 
of meiotic nuclei from dissected anthers and to spread 
their chromosomes without notable loss and damage. 
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Abstract: CMA/DAPI double staining and FISH methods using rDNA and telomere specific repeated sequences 
as probes were applied to characterize the large amount of heterochromatin in the telomeric regions of 'Trovita* 
orange (Citrus sinensis Osbeck) chromosomes. As a result, all the heterochromatic regions were CMA+/DAPI — , 
and thus were GC rich. Three CMA+/DAP1- heterochromatic regions were positive to the 26S rDNA probe. 
Telomere arrays consisting of T m (A)G„ were detected on the extreme ends of each chromosome and most of the 
CMA+/DAPI — heterochromatic regions were ordered close inside the telomere-specific repeated sequences. The 
data obtained in this study will be useful for karyotyping, systematics, and molecular analysis of orange 
chromosomes. 

Key words: Citrus, rDNA, telomere repeated sequence. FISH, CMA/DAPI staining, heterochromatin. 

Resume : La double coloration au CMA/DAPI et la technique FISH, utilisant TADNr et les sequences r6p6tees 
t£Iom£riques comme sondes, ont 6t6 employees afin de caracteYiser Tabondante hitdrochromatine situee dans les 
regions telome>iques des chromosomes de Toranger 'Trovita* {Citrus sinensis Osbeck). Ces travaux ont rev616 
que ces regions h£t6rochromatiques sont CMA+/DAPI— et s'averent ainsi riches en GC. Trois regions 
h6t6rochromatiques CMA+/DAPI— hybridaient positivement avec la sonde d'ADNr 26S. Des sequences 
t£lomenques de type T m (A)G n ont 6t£ detectees aux extr6mit6s de chaque chromosome et la plupart des r6gions 
heterochromatiques CMA+/DAPI — £taient proches et tout juste internes aux sequences r£p6t£es t£lom£riques. 
Les donn^es obtenues seront utiles en vue deludes caryotypiques et de syst6matique ainsi que pour des analyses 
mot£culaires des chromosomes de Toranger. 

Mots cles : Citrus, ADNr, sequence t61ome>ique r6p6t6e, FISH, coloration au CMA/DAPI, hdterochromatine. 
[Traduit par la Redaction] 



Introduction 

For the systematics and genome analysis of Citrus, the 
analysis of chromosomes is very important. Recently, 
Guerra (1993) reported the variability and heterozygosity 
of Citrus karyotypes and also noted large heterochromatic 

Corresponding Editor: J. P. Gustafson. 

Received November 3, 1995. Accepted June 20, 1996. 

T. Matsuyama 1 and T. Akihama. 2 Faculty of 
Agriculture, Meiji University, Kawasaki 214, Japan. 
Y. Ito. 3 Fruit Tree Research Station, Morioka Branch, 
Morioka 020-01, Japan. 

M. Omura. Fruit Tree Research Station, Okitsu Branch, 
Shimizu 424-02, Japan. 

K. Fukui. Hokuriku National Agricultural Experiment 
Station, Joetsu 943-01, Japan. 

1 Present address: Plant Functions Laboratory, The 
Institute of Physical and Chemical Research (RIKEN), 
Wako, Saitama 351-01, Japan. 

2 Author to whom all correspondence should be addressed. 

3 Present address: Institute of Radiation Breeding, 
National Institute of Agrobiological Resources, Ohmiya- 
machi, Naka-gun, Ibaraki 319-22, Japan. 



regions that were enhanced by CMA staining and quenched 
by DAPI (CMA+/DAPI- heterochromatins) in the six 
Citrus species. 

Some of the CMA + /DAPI— heterochromatins were 
often observed as stretched structures, which were regarded 
as the secondary constrictions. It is known that the 
17S-5.8S-25S ribosomal RNA gene (45S rDNA) and 5S 
rDNA clusters are separately present in rice and barley 
genomes, and that such regions correspond to secondary 
constrictions or the NOR (nucleolus organizing region; 
Leitch and Heslop-Harrison 1992; Fukui et al. 1994; 
Ohmido and Fukui 1995). Therefore, we designed primers 
and developed a probe according to the 26S rDNA 
sequences reported by Kolosha and Fodor (1990). Telomere- 
specific repeated sequences (TRS) were used to order the 
CMA+/DAPI— heterochromatins on terminal regions of 
each chromosome as well. 

We present here detailed information on the CMA+/ 
DAPI— heterochromatin of Citrus, characterized using the 
double-staining method of the guanine-cytosine (GC)- 
spectfic fluorochrome CMA and the adenine-thymine (AT)- 
specific fluorochrome DAPI and a fluorescent in situ 
hybridization (FISH) method. 
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Fig. 1. Double staining of Trovita' chromosomes with CMA(A) and DAPI(B). Arrowheads 
indicate the CMA47DAPI — heterochromatins. Large arrowheads indicate the stretched segments. 
Scale bar = 4 pun. Fig. 3. In situ hybridization to interphase nuclei (A) and prometaphase 
chromosomes (B) probed by the 26S rDNA clone (pTM 26) and counterstained with PI. 
Fig. 4. In situ hybridization to prometaphase chromosomes probed by the synthetic telomere 
probe. (A) Stained with PI. (B) Hybridization signals. 
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Fig. 2. Idiogram of Trovita* chromosomes with 
CMA+/DAPI— heterochromatin and 26S rDNA clusters. 
1^, CMA+/DAPI — heterochromatin; hybridization signal 
of 26S rDNA. 

*The centromeric positions of type I-A were decided upon 
according to Guerra's data. 




Materials and methods 

Plant materials 

'Trovita* orange (Citrus sinensis Osbeck) and *Kiyomi' tangor 
(a hybrid between 'Miyagawa wase* unshiu (Citrus unshiu 
Marc.) and 'Trovita*), which were cultivated at the Okitsu 
branch of the Fruit Tree Research Station, Japan, were used 
as the source of seeds and leaf DNA in the experiments. 

Cytological procedure 

Possible nucellar embryos of 'Trovita' were germinated in petri 
dishes at 27 °C in the dark after removing the seed coat. The 
chromosome samples were prepared by the method of Ito et al. 
(1992) with minor modification according to Fukui and Iijima 
(1991) as follows: (i) root tips were pretreated in a 2 mM 
8-hydroxyquinoline solution at 15°C for 4 h, and (ii) enzymatic 
maceration was performed with a solution containing 2% (w/v) 
Cellulase Onozuka RS, 0.3% Macerozyme R-200 (Yakult), 
1.5% Pectolyase Y-23 (Seishin Pharmaceutical Co., Ltd.), and 
1 mM EDTA, pH 4.2, at 37°C for 60-90 min. 

Chromosomes were stained with 0.1 mg/mL CMA and 
0.2 u,g/mL DAPI solutions according to Hizume et al. (1989) 
and observed under a fluorescence microscope (Axiophot, 
Zeiss) with the B-light and uv excitation filters. 

Probe preparation 

45S rDNA probe 

Oligonucleotide primers were designed based on the 26S rDNA 
sequence of Citrus limon (Kolosha and Fodor 1990), and the 
1.2 kilobase pair (kbp) coding region of 26S rDNA was ampli- 
fied by the PCR method using the genomic DNA of 'Kiyomi' 
tangor isolated by the method of Dellaporta et al. (1983). The 
PCR products were cloned into pCRlOOO (TA cloning kit, 
Invitrogen), and one of the clones (pTM26) was confirmed as 
having 89.7% homology with the 26S rDNA sequence of 
C. limon in both sides (903 base pairs (bp)). 

Telomere probe 

The telomere sequences were amplified using the oligonucleotide 
primers (5'-TTTAGGG-3') 3 and (5'-CCCTAAA-3') 3 without 
template DNA (Cox et al. 1993). The amplified DNA was high 
molecular weight (ca. 0.5-10 kbp) and was biotinylated by 
nick translation. 



FISH 

FISH and signal detection were carried out according to Fukui 
et al. (1994). The hybridization mixture consisted of 50 or 
25% formamide, 100 fig/mL sonicated herring sperm DNA, 
and 7.5 jjtg/mL labelled probe - 2x SSC (lx SSC: 0.15 M 
NaCl plus 0.015 M sodium citrate). After overnight hybridization 
at 37°C, the slides were washed with 2 X SSC, 50 or 30% for- 
mamide - 2X SSC, 2X SSC, and 4x SSC at 42°C. FITC (fluo- 
rescein tsothiocyanate) signals were detected by the avidin-FITC 
conjugate and visualized using a B-light excitation filter. 
Chromosomal DNA was counterstained with 0.5 n-g/mL propid- 
ium iodide (PI) and visualized using a G-light excitation filter. 

Results and discussion 

Karyotype and heterochromatic patterns of 'Trovita' 

Phase-contrast microscopy revealed that some of the Citrus 
prometaphase chromosomes have large blocks of hetero- 
chromatin on one or both telomeric sites. Although such het- 
erochromatic blocks are also observed in maize (Peacock 
et al. 1981) and Tradescantia commelinoides Schultes. fil. 
(Cox et al. 1993), not as many are found in Citrus (Figs. 1A 
and IB, arrowheads). They showed CMA 4- /DAPI— fluo- 
rescence, suggesting they were GC-rich sequences. 

We classified the 18 somatic chromosomes of Trovita' 
into three types, I, II, and III, on the basis of the number 
of CMA+/DAPI — heterochromatic regions, with a further 
subdivision of type I into subtypes I-A and I-B based on the 
position of the CMA+/DAPI — heterochromatic regions 
on the chromosomes, as follows: 



Type 



Observation 



I-A Two chromosomes with the heterochromatic regions 
in the interstitial regions and the telomeric regions 

I-B Two median* chromosomes with the heterochromatic 
regions in both the telomeric regions of the. short 
and long arms 

II Seven median* chromosomes with the heterochromatic 

regions at the telomeric regions of the long arms 

III Seven median* chromosomes with no heterochromatic 

regions in either chromosomal arm 

*The position of the centromere is expressed as median owing to the 
value of the arm ratio being 1.0 to 1.7, according to Levan et al. 
(1964). 

Two and one CMA+/DAPI— heterochromatic regions in 
types I-A and II, respectively, were often stretched (Fig. 1A, 
large arrowheads). The idiogram of Trovita* chromosomes 
is summarized in Fig. 2. 

Types I-A and I-B correspond to B and C, respectively, 
of Guerra's classification (1993). The observation in the 
present study seemed basically the same as Guerra's obser- 
vation of sweet orange, although small telomeric CMA+/ 
DAPI— heterochromatins were not detected during our 
observations. This may be caused by the difference in flu- 
orochrome concentration. 

FISH analysis probed with rDNA 

After FISH using 26S rDNA as the probe, three strong 
signals were observed both on the interphase nuclei 
(Fig. 3 A) and on prometaphase chromosomes (Fig. 3B). 
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Two of these were located on the proximal CMA+/DAPI— 
heterochromatin of type I-A and one was located on the 
telomeric CMA+/DAPI— heterochromatin of type II (Fig. 2). 
When the rice rDNA clone that covered most of the cod- 
ing regions of 45S rDNA and the flanking spacer regions 
was used as a probe to improve the signal strength, six 
signals, consisting of three weak signals and three strong 
signals, were detected on the interphase nuclei (data not 
shown). As the NORs were often observed in the stretched 
condition in a nucleus, they may show more than one sig- 
nal. One of the type I-A CMA+/DAPI- heterochromatic 
regions was always stretched at the prometaphase stage. 
This suggests differences in transcriptional activity among 
the three rDNA clusters. 

FISH analysis probed with TRS 

The formamide concentration in the hybridization mixture and 
washing solution was lowered to 25-30% to enhance the 
faint signals found under the usual hybridization and wash- 
ing conditions that permit more than 80% homology. As a 
result, the doublet signals at the extreme end of most of the 
chromosomes could be detected and thus the outside of all 
the CMA+/DAPI— heterochromatins (Figs. 4A, and 4B). 

Several variations have already been reported in the 
telomere-specific tandem array: TTGGGG in Tetrahymena, 
TG,_ 3 in yeast, TTAGG in silkworm, TTTAGGG in 
Arabidopsis, and TTAGGG in human chromosomes, and 
thus it was interesting to analyze the sequences of Citrus 
chromosome telomeres (Blackburn and Szostak 1984; 
Okazaki et al. 1993; Richards and Ausbel 1988; Moyzis 
et al. 1988). It is known that the ends of Drosophila chro- 
mosomes are composed of a retrotransposon instead of the 
T m (A)G n sequences (Okazaki et al. 1993; Levis et al. 1993). 
It was suggested that a kind of retrotransposon might also 
be located on the ends of Citrus chromosomes, since the 
heterochromatins dominated just the terminal regions in 
several Citrus chromosomes, but actually, T m (A)G n 
sequences were located there, although the homology with 
the (TTTAGGG )„ sequence of Arab idop sis was low. 

These results show the exact ordering of the telomeric 
CMA+/DAPI- heterochromatins and TRS. The exact 
localization of heterochromatin on the chromosomes would 
serve in the isolation of RFLP markers of the telomeric 
regions, using recent techniques of laser dissection and 
recovery of DNA from chromosome fragments (Fukui et al. 
1992, 1995). 

The Citrus karyotype information is useful for further 
research of repeated sequences at the molecular level. At the 
same time, information gained at the molecular level would 
be used to identify the chromosomes completely, since 
they are small (-0.4 |xm) and most of them are similar in 
morphology. 

The analysis of Citrus heterochromatic regions has sig- 
nificant meaning, as there are few examples that conserve 
a large number of the CMA+/DAPI- heterochromatic 
regions on the chromosomes among plant species. In addi- 
tion, "three" large rDNA clusters on the CMA+/DAPI — 
heterochromatin pose new questions concerning cytological 
interpretation in Citrus speciation. The odd number of 
these regions is not common in plants. Although the reason 
has not been determined, it may be important to elucidate 



the cytoevolutionary events in Citrus, including the basic 
chromosome number, which has been hypothesized as x - 3, 
by Agarwal (1987a, 1987i>), or* = 18, by Stace et al. (1993). 
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Abstract. Cosmid and plasmid clones containing 1 1 kb, 
or more, of genomic DNA sequences were mapped with 
high efficiencies using fluorescence in situ hybridiza- 
tion (FISH) to mitotic metaphase chromosomes pre- 
pared from floral tissues of Arabidopsis thaliana. The 
chromosomal locations were correlated with the map 
positions determined by RFLP (restriction fragment 
length polymorphism) analyses. Almost no signals were 
detected on the chromosomes of root meristematic tis- 
sues when FISH was performed with the same clones as 
probes. This discrepancy in efficiency of detection is 
possibly caused by the differences in chromatin struc- 
ture between the root meristematic tissues and the floral 
tissues. 



Introduction 

The plant Arabidopsis thaliana is a model for molecular 
biological and genetical studies. However, compared 
with other model organisms such as Drosophila, mouse, 
and human, mapping of the genes on the chromosomes 
in situ has been very limited. This is mainly due to the 
extremely small size of the mitotic chromosomes. Re- 
cently, repetitive sequences have been successfully 
mapped by FISH (fluorescence in situ hybridization) 
(Murata et al. 1990, 1994; Maluszynska and Heslop- 
Harrison 1991), but no low-copy sequences have been 
mapped on the Arabidopsis chromosomes. Although 
some successes in chromosome mapping of single- or 
low-copy sequences have been reported in plant species 
with relatively large chromosomes (Ambros et al. 1986; 
Mouras et al. L987; Shen et al. 1987; Huang et al. 1988; 
Gustafson et al. 1990), the efficiency of detection was 
not necessarily high, and the techniques have not been 
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widely adopted for other plant species or even for the 
same species with other probes. 

Here we describe a very reliable FISH technique to 
map cosmid and plasmid clones prepared on Arabidopsis 
chromosomes, from floral tissues of young buds, and 
also discuss the influence of chromatin structure on the 
efficiency of hybridization in plant chromosomes. 



Materials and methods 

Plant materials. A wild ecotype, Columbia of A. thaliana (L.) 
Heynh. was used in this study. 

DNA probes and labeling. Cosmid and plasmid clones (Table 1) 
were used as probes for FISH. The cosmid clones that have been 
isolated from A. thaliana ecotype Columbia (Nam et al. 1989), 
were supplied by the ABRC (Arabidopsis Biological Resource 
Center at Ohio State University), Plasmid clone pYK205 is a sub- 
clone of XZ35 (Chang et al. 1988), containing an 1 1 kb EcoRI in- 
sert in pBluescript(+)KS. This was a gift from Dr. Y Koraeda, 
Hokkaido University. The cosmid and plasmid DNA were isolated 
by the alkaline lysis method, purified by CsCl gradient centrifuga- 
tion (Maniatis et al. 1982), and labeled with biotin-14-dATP using 
a nick translation kit (BioNick, Gibco BRL). After ethanot precip- 
itation, the labeled DNA was resuspended in 20 (J.I of deionized 
form amide. 

Chromosome preparation. Chromosome preparations for FISH 
were made from root meristematic tissue and also from floral tis- 
sue of young buds. The methods were essentially the same as de- 
scribed by Murata et al. (1992, 1994) except for the preparation of 
flower chromosomes. To make chromosome preparations from 
floral tissues, four sepals were dissected out from each young bud 
(1.5-2 mm in length) under a dissecting microscope. The buds 
without sepals were transferred into a 1.5 ml microtube with I ml 
distilled water, and kept at 0°C in iced water for 24 h to allow ac- 
cumulation of metaphase cells. The buds were then fixed in acetic 
alcohol (3:1. 99% methanohglacial acetic acid), and stored at 
-20°C until slide preparations were made. 

After rinsing well with distilled water, the fixed buds were di- 
gested with an enzyme solution containing 2% (w/v) cellulase On- 
ozuka R10 (Kinki Yakult) and 20% (v/v) pectinase (Sigma). After 
1.5 h incubation at 30°C, tissues were suspended with a micropi- 
pet. The suspended cells were rinsed with distilled water, and 



Table 1. Cosmid and plasmid clones used as 
probes for fluorescence in situ hybridization 
(FISH) in this study 



Clone 
number 



CD2-67" 

CD2-68" 

CD2-4 0 

CD2-43" 

CD2-29 i " 

pYK205 



Original 
number 



g6838 b 
g6842 b 
g2440 h 
g4539 b 
g4028* 
U35 c 



Chromosome 



1 

2 
3 
4 
5 
1 



a ABRC code (1994) 

h Goodman's code (Nam et aK 1989) 

c Meyerowitz's code (Chang et al. 1988) 



Map 

position" 



109.4 
58.5 
39.3 
49.8 
57.7 
43.9 



Approximate size 
of insert (kb) 



36 
39 
30 
33 
29 
11 



fixed again. After three changes of fresh fixative, the fixed cells 
were dropped onto wet, cold slides, and flame-dned The slides 
were then stained with 4% (v/v) Giemsa solution diluted with 
1/15 M phosphate buffer, pH 6.8 for 20-30 min, and examined 
with a microscope. 

Fluorescence in situ hybridization (FISH). The slides ; were : de- 
stained for 2 min with 45% (v/v) acetic acid, ^ dehydrated 
through an ethanol series (70%-85%-99%. by vol ) for 5 min 
each .The hybridization mixture consisted of SM - (v/v 
formamide. 10% (w/v) dextran sulfate, 4 x SSC (2 x WA. 
= 300 mM NaCl, 30 mM sodium citrate, pH 7.0) and 1 ^\ e *^ 
of salmon sperm DNA and yeast tRNA, and 5 ng/ul b.oftnylated 
DNA. Fifteen microliters of hybridization mixture was placed on 
a sMde, covered with a coverslip (40 x 24 mm) and sealed wrth 
rubber cement. The slides were denatured at 78°C on ^a hot plate 
for 2 min. Following hybridization at 37»C ov^rn.gh^ th £ shdes 
were washed with 50% (v/v) formamide in 2 x SSC at 37 C twice 
for 10 min, and 2 x SSC three times for 10 min at room tempera- 
ture After blocking with 3% (w/v) BSA (bovine seralbumin) 
in 4 x SSC and 0.05% (w/w) Tween 20, 50 Hgfal FITC (ttuores- 
cein isothiocyanate)-avidin conjugate (Boehnnger Mannheim) in 
blocking solution was applied. The slides were mounted with ant>- 
fading folution (Johnson and Araujo 1981) contmmng 1 Ug/rnl 
DAW (4,6Hliamidino-2-phenylindole) and 1 Ug/ml P (P^P" 1 '"" 1 
todide) The DAPI- and Pi-stained chromosomes with FIJC sig- 
nals were photographed with 400 ASA/ISO color positive film 
(Fujichrome Provia) under a fluorescent microscope equipped 
wiufuV- and B-excitation filters (Zeiss Axioscope) or fluores- 
cent images were obtained with a laser scanning confocal micro- 
scope (BioRad MRC 600). 



Results 

Mitotic chromosomes in flowers 

In higher plants, preparations of mitotic metaphase chro- 
mosomes are generally made from root meristematic tis- 
sues However, seeds of A. thaliana are very small, and 
their germinating roots are very thin, and this makes it 
difficult to collect root-tips for the preparation of chro- 
mosomes. At least ten germinating seeds were needed to 
make one air-dried protoplast preparation. The flowers 
of young buds are also small, but it was not difficult to 
collect a large number of young buds from an individual 
plant. In a young flower, dividing cells were observed 
particularly in the pistil (style and ovule) and petals, and 
their numbers were similar or greater than those in root 
meristems (Fig. 1). In the preparations, some mitotic 




Fie 1. Cells of young flower petals of Arabidopsis thaliana 
stained with 0.8% acetocarmine. Arrows indicate dividing cells. 
Bar represents 10 um 



prometaphase chromosomes had a unique extended mor- 
phology that is not found in root meristematic tissues 
(Fig 2) After cold treatment, however, condensed and 
compact chromosomes were observed as in the root 
meristems (Fig. 3). 

Efficiency of detection of hybridization signals 

FISH with biotinylated cosmid and plasmid DNA as 
probes was first performed on chromosome preparations 
from root meristematic tissues of germinating seeds. 
However, almost no signals were detected in any chro- 
mosomes of the mitotic metaphase cells (Table 2) In 
contrast, when the same clones were hybridized to chro- 
mosome preparations from young flowers, both homolo- 
gous chromosomes in almost all metaphase cells showed 
very distinct double-dot signals (Fig. 4). The efficiency 
of detection of the double dots on both or either of the 
homologous chromosomes was 85%-100% (Table 2) 
and was not significantly affected by the insert size of 
the cosmid clones between 29 and 39 kb. A slight reduc- 
tion in efficiency was found for plasmid pYK205 which 
contains an 1 1 kb insert (Table 2). 
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Fig. 3. A mitotic metaphase cell of A. thaliana prepared from 
cold-treated young flower buds, and its karyotype. Bar represents 
2 jim 



Chromosomal locations of cosmid and plasmid clones 

A. thaliana has ten chromosomes in its genome, consist- 
ing of three pairs of metacentrics (chromosomes 1, 3, 
and 5) and two pairs of acrocentrics (chromosomes 2 
and 4) (Fig. 3). Although identification of all chromo- 
some components is not easy, each probe showed up on- 
ly on a specific pair of chromosomes, and the position 
was almost identical in all cells analyzed. Cosmid clone 
CD2-67 maps at 109.4 on chromosome 1 (Table 1). This 
map location was supported by the present FISH, which 
showed signals at one terminal end of a pair of metacen- 
tric chromosomes (Fig. 4A). Similarly, CD2-4 and -29, 
whose map positions are 39.3 on chromosome 3 and 
57.7 on chromosome 5, respectively, were localized on 
the middle of the long arm of a pair of metacentric chro- 
mosomes (Fig. 4C,E). CD2-68 and -43 were mapped on 
the long arms of acrocentrics, probably chromosomes 2 
and 4, respectively (Fig. 4B,D). An insert of pYK205 



Table 2. Efficiency of detection of FISH with six different probes in mitotic metaphase chromosomes prepared from flower and root 
tissues 



Clone 
used 



Tissue for 

chromosome 

preparation 



No. of 

cells 

analyzed 



No. of cells with signals of 



2D a 



lDlS b 



1D C 



Others d 



% of cells 
with double- 
dot signals 



CD2-67 

CD2-68 

CD2-4 

CD2-43 

CD2-29 

pYK205 



Flower 

Root 

Flower 

Root 

Flower 

Root 

Flower 

Root 

Flower 

Root 

Flower 

Root 



20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 



19 

0 
IS 

0 
18 

0 
L9 

0 
17 

0 
14 

0 



0 
0 
0 
0 

1 
1 

0 

1 

0 
0 
2 
0 



0 
19 

0 
20 

0 
19 

0 
19 

1 

20 
3 
20 



100 
5 

100 
0 

100 
5 

100 
5 
95 
0 
85 
0 



a Double-dot signals on both homologous chromosomes 

b A double-dot signal on one homologue and a single-dot on the other 

c A double-dot signal on one homologue and no signal on the other 

J including 2S (single-dot signals on both homologues), IS (a single-dot signal on one homologue and none on the other), and U (no sig- 
nal on either homologue) 



\ 

E 




F 



Fig. 4A-F. Propidium iodide (Pl)-stained mitotic meta- 
phase chromosomes of A, thaliana, showing fluorescein 
isothiocyanate (FITC) signals. FISH probes are 
A CD2-67 (chromosome 1), B CD2-68 (chromosome 
2), C CD2-4 (chromosome 3), D CD2-43 (chromosome 
4), E CD2-29 (chromosome 5) and F pYK205 (chromo- 
some' 1). C, D and E are pseudocolor images obtained 
by laser scanning confocal microscopy. Arrows indicate 
chromosomes showing FITC signals. Bars represents 
2 um 



was derived from A235, which maps at 43.9 of chromo- 
some 1 . This 1 1 kb sequence was detected on the middle 
of metacentric chromosomes (Fig. 4F). 



Discussion 

In the present study, we localized genomic DNA se- 
quences greater than 11 kb in size on Arabidopsis chro- 
mosomes. This could only be reliably achieved using the 
floral tissues, in which more extended prometaphase 
chromosomes are frequently observed (Fig. 2). The dis- 
crepancy in efficiency of hybridization between root and 
floral chromosomal preparations might be caused by the 
difference in chromatin structure between the two tis- 
sues. Chromatin structure is known to be altered and 
sensitive to DNase I and other nucleases when the genes 
involved are transcribed actively (for review see Spiker 
1985). There is no direct evidence that more diverse 
genes are transcribed actively in flower buds than in 
roots of A. thaliana. In tobacco, however, the flower pet- 
als were shown to contain about 6,000 diverse mRNAs 



that are not expressed in other organs such as roots (Ka- 
malay and Goldberg 1980). 

In a large number of plant species, various kinds of 
repetitive DNA sequences have been successfully 
mapped to mitotic metaphase chromosomes made from 
root-tips. In Arabidopsis, ribosomal RNA genes and 
180 bp centromeric sequences could be localized with 
ease and high efficiency on the nucleolar organizing and 
centromeric regions, respectively (Murata et al. 1990, 
1994; Maluszynska and Heslop-Harrison 1991), but the 
degree of staining with PI suggested that these regions 
are more condensed than other chromosomal regions 
(Murata et al. 1994). This suggests that the degree of 
chromatin condensation itself is not the only factor af- 
fecting the efficiency of hybridization. 

Genomic clones harboring large inserts such as the 
cosmid clones used here are more likely to contain repet- 
itive DNA sequences. This problem was encountered in 
the mapping of human chromosomes by FISH with cos- 
mid clones, and therefore, an appropriate competitor such 
as non-labeled total human DNA should be added to the 
probe mix (e.g., Lichter et al. 1990). In the present study 
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with cosmid clones as probes, however, almost no hy- 
bridization signals from ubiquitous repetitive sequences 
were detected even without the addition of non- labeled 
genomic DNA of A. thaliana. This may be due to a low 
amount of repetitive sequences in the Arabidopsis ge- 
nome, as well as the fact that the cosmid clones were pre- 
screened to eliminate highly repetitive sequences (Nam et 
aL 1989). Furthermore, the chromosomal locations of the 
cloned sequences shown here by FISH were mostly cor- 
related with the map positions determined by RFLP (re- 
striction fragment length polymorphism) analyses. This 
highly efficient and specific detection without signal am- 
plification suggests that the cosmid clones will be useful 
markers to identify Arabidopsis chromosomes. 

Since flower petals or corolla tissues have also been 
used for making chromosome preparations in Nicotiana 
(Burns 1964) and Solarium (Kussel and Marks 1970), the 
present FISH technique using chromosome preparations 
from floral tissues is also applicable to other plant spe- 
cies. In plants, preparations of mitotic metaphase chro- 
mosomes have been made almost only from root raeri- 
stematic tissues. This might have delayed progress in the 
chromosomal mapping of plant genes. 
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ABSTRACT Fluorescence in situ hybridization (FISH) is 
a powerful tool for physical mapping in human and other 
mammalian species. However, application of the FISH tech- 
nique has been limited in plant species, especially for mapping 
single- or low-copy DNA sequences, due to inconsistent signal 
production in plant chromosome preparations. Here we dem- 
onstrate that bacterial artificial chromosome (BAC) clones 
can be mapped readily on rice (Oryza sativa L.) chromosomes 
by FISH. Repetitive DNA sequences in BAC clones can be 
suppressed efficiently by using rice genomic DNA as a com- 
petitor in the hybridization mixture. BAC clones as small as 
40 kb were successfully mapped. To demonstrate the appli- 
cation of the FISH technique in physical mapping of plant 
genomes, both anonymous BAC clones and clones closely 
linked to a rice bacterial blight-resistance locus, Xa21> were 
chosen for analysis. The physical location of Xa21 and the 
relationships among the linked clones were established, thus 
demonstrating the utility of FISH in plant genome analysis. 



Fluorescence in situ hybridization (FISH) has become an 
important in situ hybridization tool because of its amenability 
of coupling with highly sensitive charge coupled device (CCD) 
camera and digital imaging analysis and its potential for 
mapping of several probes simultaneously. In humans, DNA 
probes smaller than 1 kb have been mapped on metaphase 
chromosomes by FISH (1) and DNA fragments separated by 
as little as 50-100 kb have been ordered within interphase 
nuclei or on prophase chromosomes (2-4). Ried et al (5) 
mapped seven probes simultaneously by using a combinatorial 
fluorescence and digital imaging analysis. The success of FISH 
analysis in humans has also been facilitated by the application 
of hybridization techniques that suppress cross-hybridization 
from repetitive DNA sequences in the genomic clones by 
preannealing with unlabeled human genomic DNA in the 
hybridization mixture. Thus, specific clones can be isolated 
from cosmid, PI, bacterial artificial chromosome (BAC), or 
yeast artificial chromosome (YAC) libraries and used directly 
for FISH mapping. Large numbers of genomic clones from 
chromosome-specific libraries have been used successfully to 
generate high-density cytological maps (6-8). 

In plants, in situ hybridization techniques have been used 
mainly for mapping repetitive DNA sequences and multicopy 
gene families (9). Mapping of low or single-copy sequences has 
proven difficult compared to that in humans. In most of the 
successful in situ hybridization experiments in plants, the target 
DNA sequences on chromosomes were >10 kb long (10-14). 
Mapping of small probes was also reported (15); however, the 
frequency of signal detection was very low and the technique 
is not very reliable and reproducible (9). The relatively low 
sensitivity of in situ hybridization (including FISH) in plants is 
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arguably due to the presence of rigid cell walls and cytoplasmic 
debris and the more pronounced condensation of plant meta- 
phase chromosomes. 

Because of the difficulty of using small single-copy sequence 
probes, genomic DNA cloned in large insert vectors should be 
a viable alternative approach to map genetic loci in plants. 
Even if repetitive sequences account for 90% of plant genomic 
DNA, a 100-kb genomic clone theoretically should contain 
**10 kb of unique sequence, enough to generate a good signal 
in most plant species examined to date. In the present work, we 
demonstrate the application of BAC clones for FISH mapping 
in rice (Oryza sativa L.). 

MATERIALS AND METHODS 

Rice BAC Clones. A rice BAC library was constructed from 
the rice line IR-BB21 containing Xa21, a bacterial blight 
disease-resistance locus derived from a wild African species, 
Oryza longistaminata (16). Five BAC clones linked to Xa21 and 
five random clones (Table 1) from this library were used for 
FISH mapping. Five additional random clones from a different 
BAC library were kindly provided by R. A. Wing (Texas A&M 
University) (Table 1). The insert sizes of the mapped BAC 
clones range from 40 to 220 kb. 

Strains. Rice lines DV85 and IR-BB21 were used in FISH 
mapping. DV85 is an indica rice cultivar. line IR-BB21 is a 
nearly isogenic line (NIL) for Xa21 that was constructed by 
backcrossing O. longistaminata (Xa21 donor parent) five times 
to the recurrent parent IR24 followed by five sellings (18). 

Chromosome Preparation. Seeds were germinated on moist 
filter paper in Petri dishes. Roots 1-2 cm long were cut and 
directly fixed in methanol/glacial acetic acid (3:1) for several 
hours up to a few days. The fixed root tips were washed thor- 
oughly with 0.01 M citrate buffer (sodium citrate/citric acid, pH 
4.8) and digested in 6% (wt/vol) cellulase (Calbiochem) and 2% 
(wt/vol) pectoryase (Sigma) for 30 min at 37°C. The enzymes 
were carefully washed from the softened material and replaced 
with 0.01 M citrate buffer for 10 min; the root tips were subjected 
to a hypotonic treatment in distilled water for 20 min and 
transferred to ethanol-washed glass slides. The tissue was mac- 
erated in a drop of methanol/glacial acetic acid (1:1) with a razor 
blade. The slides were air dried and stored in a -80°C freezer. 
The slides were treated with an ethanol series (70%, 90%, and 
100% ethanol; 5 min each) just prior to in situ hybridization. 

Probe Labeling. BAC DNA was isolated by an alkaline 
lysate method (19). The purified DNA was labeled by standard 
nick-translation reaction mixtures containing biotin (bio)-ll- 
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Table 1. BAC clones used in the present study 



Name 


Insert 
size, kb 


Description* 


Interphase 
signals 


Repetitive 
sequences* 


Source 


UCD103-1 


100 


RG103 


2 


ND 


UC-Davis 


UCD103-5 


90 


RG103 


2 


ND 


UC-Davis 


UCD103-7 


120 


RG103 


2 


ND 


UC-Davis 


UCD818-13 


85 


pTA818 


2 


ND 


UC-Davis 


UCD818-14 


40 


pTA818 


2% 


ND 


UC-Davis 


UCD2 


220 


Random 


2 




UC-Davis 


UCD6 


140 


Random 


2 




UC-Davis 


UCD11 


130 


Random 


2 




UC-Davis 


UCD16 


140 


Random 


2 


+ 


UC-Davis 


UCD18 


170 


Random 


2 


+ 


UC-Davis 


TQ7A1 


100 


Random 


2 




Texas A&M 


TQ7A3 


140 


Random 


2 




Texas A&M 


TQ7A4 


135 


Random 


2 + 2 minor 


+ 


Texas A&M 


TQ7A5 


130 


Random 


2 




Texas A&M 


TQ7A8 


110 


Random 


2 




Texas A&M 



* Random clones or clones isolated using DNA markers RG103 and pTA818 (16, 17). 
t— , Discrete signals were observed without competitive genomic DNA; + , discrete signals were observed 
only with competitive genomic DNA; ND, no data. 

*Two spots were observed in normal rice line DV85, while four spots were observed in IR-BB21. 



dUTP or digoxigenin (dig)-ll-dUTP, and labeled probes were 
purified by passage through Sephadex G-50 columns. Al- 
though most BAC DNA preparations contained some bacte- 
rial genomic DNA, this contaminating DNA does not interfere 
with the FISH analysis, indicating that Escherichia coli does not 
share enough homologous DNA with rice to give detectable 
FISH signals. For two-color FISH, two different probes were 
labeled with bio-ll-dUTP and dig-ll-dUTP, respectively, 
while in three-color FISH the third probe was labeled com- 
binatorially with 50% bio-ll-dUTP and 50% dig-ll-dUTP. 

In Situ Hybridization and Detection. The in situ hybridiza- 
tion protocol was modified slightly from that of Rayburn and 
Gill (20). About 10 ng of labeled BAC DNA was used for each 
slide in a hybridization mixture with 50% formamide/10% 
dextran sulfate/2x SSC/10 /xg of salmon sperm DNA/*«1 jig 
of Cot-1 fraction of rice genomic DNA. The mixture was 
denatured at 80°C for 10 min, centrifuged briefly, and prean- 
nealed at 37°C for 1 hr before applying to slides. Slide-bound 
chromosomal DNA was denatured in a solution of 70% 
formamide in 2x SSC for 1.5 min at 80°C and dehydrated in 
a -20°C ethanol series (70%, 90%, and 100% ethanol; 5 min 
each). Ten microliters of hybridization mixture was applied to 
each slide and sealed under a coverslip (18 x 18 mm) with 
rubber cement. 

After overnight incubation at 37°C, the coverslips were 
removed and the slides were washed at room temperature in 
2x SSC for 5 min, at 45°C in 2x SSC for 10 min, at room 
temperature in 2X SSC for 5 min, and at room temperature in 
IX PBS (phosphate-buffered saline) for 5 min. The biotiny- 
lated probes were detected with fluorescein isothiocyanate- 
conjugated avidin (FITC-ayidin) (Vector Laboratories) and 
the dig-labeled probes were detected with a rhodamine- 
conjugated anti-dig antibody (Boehringer Mannheim). 4',6- 
Diamidino-2-phenyIindole (DA PI) was used as a chromosome 
counterstain in multicolor FISH while propidium iodide (PI) 
was used as a chromosome counterstain in single-color FISH 
with biotinylated probes. 

Digital imaging. Images were obtained with a Zeiss Axioskop 
epif luorescence microscope coupled to a cooled CCD camera 
(PM512; Photometries; Tucson, AZ). Camera control and digital 
image acquisition (8-bit gray scale) were implemented with an 
Apple Macintosh IIx computer. Fluorophores were selectively 
imaged with filter cubes especially prepared by Zeiss (filter 
487910 for fluorescein, filter 487915 for rhodamine and PI, and 
filter 487901 for DAPI) to minimize image registration problems 
and merged as described (5). It is worth emphasizing that 



although a CCD imaging system was used, the signals of the 
probes were clearly visible by eye through the microscope. 

RESULTS 

Metaphase and Interphase Mapping of BAC Clones. To 
investigate whether the presence of the repetitive sequences in 
the BAC clones would generate high levels of nonspecific 
hybridization, FISH was performed on 10 random BAC clones 
in the absence of Cot-1 rice genomic DNA. Surprisingly, 
discrete chromosomal loci could be identified for 7 of the 10 
clones. Although minor hybridization signals were distributed 
uniformly over all the chromosomes and nuclei, the stronger 
signals from the unique sequences of the BAC clones were 
clearly distinguishable from the background (Fig. la). How- 
ever, the signal/noise contrast with these BACs was greatly 
improved in the presence of competitive rice genomic DNA. 
Distinct FISH signals were observed with the other three BAC 
clones only in the presence of the rice competitor DNA 
(compare Fig. 1 b and c). FISH signals were obtained from all 
the BACs analyzed, including clone 818-14 that contained a 
relatively small insert of «40 kb (Table 1). 

Both metaphase chromosomes and interphase chromatin 
were scored in this FISH analysis. Clear signals were observed 
in 50-90% of the interphase nuclei and in >90% of the complete 
metaphase spreads. In most cases, signals were observed on both 
chromatids on each pair of homologous metaphase chromo- 
somes, although merged signals from two sister chromatids were 
also observed frequently. As expected, prometaphase chromo- 
somes generally gave better resolution (relative position on a 
specific chromosome arm) of the signals than the more con- 
densed metaphase chromosome preparations. 

Fourteen of the 15 BAC clones analyzed in line DV85 gave 
two FISH signals in interphase nuclei. This suggests that the 
inserts in these clones constitute a single piece of rice genomic 
DNA and thus are not chimeric. The remaining clone, TQ7A4, 
gave in addition to two major spots one or two minor spots in 
some of the interphase nuclei. We do not know whether these 
minor spots reflect a chimeric DNA insert or the presence of 
related sequences at a second locus in the genome. 

We next evaluated the utility of multicolor FISH for map- 
ping several probes simultaneously. Rice prometaphase chro- 
mosomes have different DAPI or PI staining intensities in 
different parts of the chromosomes due to uneven condensa- 
tion. In general, for most of the chromosomes, there is a 
decreased staining toward the telomeres. This staining pattern 
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Flo. 1. (a) Interphase mapping of BAC clone TQ7A5. Cot-1 rice genomic DNA was not applied during hybridization. Two major spots (arrows) 
can be observed along with the minor spots all over the nucleus. The cell was not counterstained. (b) Interphase mapping of BAC clone UCD18, 
Cot-1 genomic rice DNA was not applied. No discrete signals can be observed. The cell was not counterstained. (c) Interphase mapping of UCD18. 
Cot-1 rice genomic DNA was applied during hybridization. Two discrete signals can be observed. The cell was counterstained by PI. (d) 
Cohybridization of BAC clone TQ7A1 (labeled with bio-ll-dUTP and detected with FITC-avidin; yellow spots) with telomeric sequence probe 
pAtT4 (labeled with dig-ll-dUTP and detected with rhodamine-conjugated anti-dig antibody; red spots). TQ7A1 is located on the proximal region 
of the long arm of a pair of unidentified chromosomes, (e) Interphase three-color FISH mapping of three random BAC clones: TQ7A5 (yellow), 
UCD2 (red), and UCD6 (white), (f) Interphase mapping of 103-1 (yellow) and 103-7 (red) in IR-BB21. Signals from the two clones overlap, (g) 
Metaphase mapping of the bacterial blight-resistance locus Xa21 in IR-BB21 using a closely linked BAC clone 103-7. Signals are located at the 
middle of the long arm of chromosome 11. (/i) Metaphase mapping of 818-14 in IR-BB21. Signals are located on two pairs of chromosomes. (0 
Interphase mapping of three BAC clones in IR-BB21. Clone 818-13, labeled by bio-ll-dUTP and detected by FTTC, two relatively small yellow 
spots; clone 103-7, labeled by bio-ll-dUTP and detected by FTTC, two relatively large yellow spots; clone 818-14, labeled by dig-ll-dUTP and 
detected by rhodamine, two small and two large red spots. Note: two small yellow spots overlap with two small red spots; two large yellow spots 
overlap with two large red spots. (J) Metaphase mapping of 818-13 (yellow) and 818-14 (red) in DV85. Signals from the two clones overlap. Signals 
are located at a proximal region of a pair of unidentified chromosomes, (k) Interphase mapping of three BAC clones in DV85: 818-13 (yellow), 
103-7 (yellow), and 818-14 (red). Signals from 818-13 and 818-14 overlap. Signals from 103-7 are independent from those of 818-13 and 818-14. 
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makes it difficult to locate the true ends of the chromosomes 
and the relative chromosomal location of the probes. To 
address this problem, we cohybridized a telomeric sequence 
probe, pAtT4 derived from Arabidopsis thaliana (21), with 
specific BAC clones. Fig. Id shows the cohybridization of BAC 
clone TQ7A1 with pAtT4. TQ7A1 is located on the proximal 
region of the long arm of a pair of unidentified chromosomes. 
Hybridization signals from pAtT4 are visible on both ends of 
this pair of chromosomes. 

Fig. \e demonstrates the interphase mapping of three dif- 
ferent BAC probes by three-color FISH. The signals from the 
third probe were pseudocolored with white to distinguish it 
from the other two probes. Multicolor FISH was also used to 
analyze the relative position of physically closely related BAC 
clones (see below). 

Physical Mapping of BAC Clones Linked to Xa2l, A rice 
bacterial blight disease-resistance locus, Xa21 y was transferred 
from a wild species, O. hngistaminata, into cultivated rice (18, 
22). Several closely linked DNA markers to Xa21 were iden- 
tified in NIL IR-BB21 (17). BAC clones were isolated by using 
these DNA markers as probes (16) and analyzed by FISH. 

Three BAC clones were identified by the eight-copy restric- 
tion fragment length polymorphism (RFLP) marker, RG103, 
that cosegregates with Xa21. The three clones can be divided 
into two different nonoverlapping groups according to their 
Southern hybridization patterns: group 1 includes BAC 103-1 
and BAC 103-5; group 2 includes BAC 103-7 (P.C.R., unpub- 
lished results). Most copies of RG103 hybridize to a 230-kb Sfi 
I DNA fragment by pulsed-field gel electrophoresis (PFGE) 
analysis (P.C.R., unpublished results). FISH analysis showed 
that all three clones hybridized to the same chromosomal 
region. Two-color FISH with BACs 103-1 and 103-7 confirmed 
their close linkage as their hybridization signals overlapped on 
both metaphase chromosomes and interphase nuclei (Fig. If). 
This result is in good agreement with PFGE analysis. The three 
BAC clones were physically mapped at the middle of the long 
arm of chromosome 11 (Fig. lg) with a FL value of 0.50 (FL, 
fractional length, a fraction from the FISH signal to centro- 
mere over the total chromosome arm length). The chromo- 
some identification is deduced from the position of RFLP 
marker RG103 in genetic linkage map 11 (23). The arm ratio 
(long arm/short arm) of chromosome 11 is 1.41 at somatic 
metaphase in NIL IR-BB21. However, chromosome 11 was 
identified as a metacentric chromosome by pachytene analysis 
in variety IR36 (24). 

Two additional BAC clones, 818-13 and 818-14, were iden- 
tified by DNA marker pTA818, originally derived from a 
random amplified polymorphic DNA band (RAPD818 in ref. 
17). Clone 818-13 contains one copy of pTA818 that is 
monomorphic between the resistant and susceptible NILs. 
Clone 818-14 contains another copy of pTA818 that is poly- 
morphic between the NILs and mapped to the Xa21 locus on 
chromosome 11 (17). FISH analysis in NIL IR-BB21 showed 
that 818-13 has only one location. However, 818-14 has two 
different locations with one FISH site relatively small and the 
other relatively large in interphase nuclei. The two copies of 
818-14 are clearly located on two different chromosomes by 
metaphase mapping (Fig. lh). Two-color FISH showed that 
FISH signals from 818-13 overlapped with the smaller site of 
818-14 and the larger site of 818-14 overlapped with clone 
103-7 (Fig. li). Thus, 818-13 and the smaller copy of 818-14 are 
located on a different chromosome from 103-7 and are not 
linked to Xa21. In the regular rice line DV85, 818-14 has only 
one location and overlaps with the signals from 818-13 on both 
interphase and metaphase chromosomes (Fig. 1/). Cohybrid- 
ization of probes 818-13, 818-14, and 103-7 indicates that 
clones 818-13 and 818-14 are located on a different chromo- 
some from clone 103-7 in DV85 (Fig. Ik). Both 818-13 and 
818-14 are located in a proximal region of a pair of unidentified 
chromosomes (Fig. 1/). 



DISCUSSION 

We have demonstrated that large genomic clones can be used 
for in situ hybridization mapping in rice, even though they may 
contain highly repeated DNA sequences. All BAC clones 
analyzed in the present study generated strong FISH signals, 
even with inserts as small as 40 kb. In a similar fashion, we have 
shown that cosmid clones can also be applied to FISH mapping 
of the rice genome (unpublished results). This technique 
provides an excellent approach to overcome the difficulty of in 
situ hybridization mapping using single- or low-copy sequences 
in plants. The successful application of this technique in other 
plant species will depend on both the size of the genomic clones 
analyzed and the percentage of repetitive DNA sequences in 
the genome. The rice genome contains a large percentage 
(~75%) of single- or low-copy number DNA (25, 26) and this 
may contribute to the successful application of small genomic 
clones in FISH analysis. For other plant species, such as wheat 
(Triticum aestivum L.), with genomes containing >80% repet- 
itive DNA sequences (27), relatively large clones will be 
needed to ensure that enough unique sequence will be avail- 
able to generate distinctive signals. 

FISH analysis provides a rapid method to determine the 
chimeric status of a genomic clone. A high percentage of 
chimeric clones in a genomic library, such as that observed in 
many YAC libraries, complicates map construction consider- 
ably. Thus, it is important to know the general status of 
chimerism in a library. Although chimerism can be analyzed by 
genetic analysis of the ends of the DNA insert in a specific 
clone, this approach is time consuming compared to data 
obtained by FISH. This is of particular importance in plant 
species with a high percentage of repetitive sequences, since 
most of the insert ends contain repetitive sequences that 
cannot be used for RFLP mapping or generating PCR probes 
for hybridization screening (28). The disadvantage of FISH 
analysis is that the FISH signals neither distinguish duplicated 
sequences from true chimerism nor discriminate between 
chimerism and cocloning or mixed colony propagation events. 
Nevertheless, comparative studies of FISH and molecular 
methods for determining chimerism in human YAC clones 
have demonstrated a high level of concordance (29). It is 
interesting to note that all clones from the rice BAC library 
derived from IR-BB21 (16) hybridized to a single location; 
similar results were obtained with clones isolated from a 
sorghum BAC library (28). This indicates that these libraries 
have a very low level of chimerism as compared to a rice YAC 
library in which 40% of the clones are chimeric (30). 

Rice chromosomes are small and very difficult to identify 
individually on the basis of morphological differences. Repro- 
ducible banding techniques are not available for identification 
of the rice chromosomes. Only investigators with considerable 
experience and skill are able to identify different chromosomes 
by using well spread somatic prometaphase or meiotic 
pachytene preparations (24, 31). FISH analysis using genomic 
clones that contain genetically linked markers should provide 
a new technique for rice chromosome identification. BAC 
clones specific to each chromosome can be isolated from 
libraries and used as chromosome-specific FISH markers. It 
was shown previously that combinatorial labeling of probes 
with three different modified nucleotides permitted the de- 
tection of seven different probes simultaneously (5). Further 
development in this field should make it possible to visualize 
even more probes simultaneously (32). Therefore, it is possible 
in the future that all 12 pairs of rice chromosomes could be 
identified in a single multicolor FISH experiment with chro- 
mosome-specific FISH markers. 

Chromosome-specific FISH markers will be valuable for 
aneuploid identification, such as trisomies, by interphase map- 
ping. Well-spread metaphase or prometaphase cells, usually 
difficult to obtain, are not necessary in interphase mapping. 
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Chromosome-specific FISH markers also can be used to 
analyze other genetic stocks, such as translocation stocks. A 
series of markers located at different regions of a chromosome 
can be established and used to analyze specific translocation 
stocks, so that the breakpoint can be localized between two 
specific markers. Another possible application of chromo- 
some-specific FISH markers is to analyze the structure of 
chromosomes from related species. For example, the gene 
synteny and homologous relationship of chromosomes from a 
wild rice species to a particular rice linkage group can be 
quickly analyzed by FISH mapping of these markers. 

FISH mapping of the Xa21 -related genomic clones demon- 
strated that this technique provides a valuable supplemental 
tool for map-based cloning in plants. This technique can be 
used for rapid determination of the chromosome location of a 
group of genomic clones. Chimeric clones or clones located on 
different chromosomes can be eliminated from the walking 
analysis. Characterization of the relationship among 818-13, 
818-14, and 103-7 clones provided important information that 
would be difficult to obtain by conventional genetic and PFGE 
analysis. Based on the previous genetic data, the pTA818 
sequence located in the 818-13 clone was monomorphic be- 
tween the recurrent parent and NIL IR-BB21 and could not be 
mapped in the progeny (17). In addition, initial PFGE results 
from NIL IR-BB21 indicated that all DNA sequences in 
818-13, 818-14, and 103-7 were located in the same chromo- 
somal region (17). However, FISH analysis of these three 
clones quickly and clearly established that 818-14 is located 
very close to 103-7 but 818-13 is located on a different 
chromosome in NIL IR-BB21. Our recent PFGE data con- 
firmed this result (P.C.R., unpublished data). The close genetic 
and physical linkage between 818-14 and 103-7 indicates that 
these clones provide a good starting point for chromosomal 
walking to the Xa21 disease-resistance locus. 

Interestingly, in both NIL IR-BB21 and DV85, a FISH signal 
from the 818-14 probe overlaps with the 818-13 signal. This 
result is likely due to the homology of a 1-kb pTA818 sequence 
shared by 818-13 and 818-14. It is not known how far the 
homology extends. In DV85, 818-14 maps to a single location 
and is therefore unlikely to be a chimeric clone. The two 
locations of 818-14 in NIL IR-BB21 could be explained as 
follows: in O. longistaminata, the pTA818 sequence may have 
transposed from an unlinked chromosome to \hzXa21 locus on 
chromosome 11, resulting in the observed sequence duplica- 
tion in NIL IR-BB21. In support of this speculation, we 
recently discovered a high degree of similarity of the pTA818 
sequence to a portion of the Antirrhinum gene Taml, a 
member of the CACTA family of transposable elements 
(P.C.R., unpublished data). 

An important future application of FISH mapping in plants 
is to determine the physical distance between genetically 
mapped clones. In a map-based cloning strategy, one of the 
most important steps is to estimate the physical distance 
separating two tightly linked markers flanking the target gene. 
Because of the uneven distribution of recombination along the 
physical length of plant chromosomes (33, 34), it could be 
difficult to determine such physical distance by conventional 
PFGE analysis. In these situations, FISH mapping can be 
applied to estimate the relative physical distance based on the 
separation distance of FISH spots in the interphase nuclei as 
demonstrated in humans (3). However, the relationship be- 
tween separation distances of FISH signals in interphase nuclei 
and linear DNA distance in plant species remains to be 
established. 
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Abstract. The 1 75-5.85-25 s ribosomal RNA gene 
(rDNA) loci in Oryza spp. were identified by the fluor- 
escence in-situ hybridization (FISH) method. The 
rDNA loci were located on one-to-three chromosomes 
(two-to-six sites) within the eight diploid Oryza spp. 
One of the rDNA loci gave the weakest hybridization 
signal. This locus is reported for the first time in the 
genus Oryza. The chromosomes containing the rDNA 
loci were determined to be numbers 9, 10 and 11 in 
descending order of the copy number of rDNA. The 
application of image analysis methods, after slide prep- 
aration treatments (post-treatments), and the use of a 
thermal cycler, greatly improved the reproducibility of 
the results. The evolutionary significance of the varia- 
bility of rDNA loci among the Oryza spp. is discussed. 

Key words: Fluorescence in-situ hybridization (FISH) 
- Ribosomal DNA - Genus Oryza - Image analysis - 
NOR variability 



Introduction 

Rice chromosomes with a large 17s-5.8s-25s 
ribosomal RNA gene (rDNA) array have been identifi- 
ed as the satellite chromosomes by their characteristics 
(Fukui and Iijima 1991; Yanagisawa et al. 1991). They 
are also recognized as the chromosomes with nucleolar 
organizing regions (NOR chromosomes). 

In cultivated rice, Oryza sativa L. ssp japonica, one 
pair of NOR chromosomes was reported by Kurata 
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and Omura (1978) and Fukui and Iijima (1991). This 
NOR chromosome was designated as no. 1 1 (Fukui and 
Iijima 199 1) but according to the new system for number- 
ing rice chromosomes, has now been redesignated as 
no. 9 (Khush and Kinoshita 1991; Fukui and Iijima 
1992). By contrast, two pairs of NOR chromosomes 
were reported in O. sativa ssp. indica (Wu et al. 1985). 

Although the rDNA-containing chromosomes show 
conspicuous characteristics as sateflite chromosomes, 
they are sometimes difficult to identify morphologically 
when the copy number of the rDNA units at the locus is 
small (Leitch and Heslop-Harrison 1992). The in-situ 
hybridization (ISH) method (Appels et al. 1980; 
Hutchinson and Miller 1982; Rayburn and Gill 1985) 
offers a way out of this impasse since it is based on the 
detection of rDNA loci directly by molecular hybridiz- 
ation. Using this technique one rDNA locus was identi- 
fied on chromosome 9 in japonica rice. (F ukui et al. 1987; 
Fukui 1990; Iijima etal. 1991) while two rDNA loci 
were detected in indica rice (Islam-Faridi et al. 1990). 

Although ISH is now widely employed in cytogene- 
tic analysis, it is time consuming and strict experimen- 
tal protocols are needed for its success. Therefore we 
have developed a reproducible and convenient fluo- 
rescence ISH (FISH) technique in conjunction with 
imaging methods, the use of a thermal cycler, and 
various post-treatments. As a result, clear fluorescent 
signals were reproducibly obtained and a new rDNA 
locus was detected in two diploid wild rice species. 

Materials and methods 

Plant materials and cytological procedures 

Nine rice species, as listed in Table 1, were obtained either from 
the gene bank of the National Institute of Genetics (Mishima 
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411, Japan) or Hokuriku National Agricultural Experiment 
Station (Joetsu 943-01, Japan). Seeds of trisomic lines for chro- 
mosomes 9 and 10, and their original variety, IR24, were sup- 
plied by Dr. Tsugufumi Ogawa (Kyushu National Agricultural 
Experiment Station, Chikugo 830, Japan). Seeds were ger- 
minated on moist filter paper in Petri dishes at 27 °C under 
continuous illumination. Root tips 1-2 cm long were excised and 
fixed in ethanol : acetic acid (1:1). They were stored at — 20 °C for 
about 1 week before examination. 

The procedures for sample preparation were according to the 
protocol described by Fukui and Iijima (1991, 1992) with minor 
modifications as follows: (1) the glass slides which were used for 
in-situ hybridization were coated with a 0.1% poly-L-lysine 
solution (Sigma); (2) enzymatic maceration was carried out in a 
1.5-ml Eppendorf tube at 37 °C for 60-90 min; (3) the root tips 
were treated for 15-30 min in a decompression chamber before 
maceration and (4) the chromosome preparations were flame- 
dried. 



Fluorescence in-situ hybridization ( FISH ) 

Chromosome samples on a glass slide were subjected to four 
sequential 'post-treatments*. Firstly, they were treated with an 
enzymatic mixture (2% Cellulase Onozuka RS, Yakult Honsha, 
Co., Ltd, Tokyo, 1.5% Macerozyme R-200, Yakult Honsha, and 
0.3% Pectolyase Y-23, Seishin Pharmaceutical Ltd., Tokyo, 
ImM EDTA, pH 4.2) in 2 x SSC at 37 °C for 30 min. Secondly, 
they were treated with 1 mg/ml Proteinase K (Wako Pure 
Chemical Industries Ltd., Osaka) at 37 °C for 30 min. Thirdly, 
they were washed in 45% acetic acid for 5 min. They were 
completely dehydrated through a 70, 95 and 99% ethanol series 
for 10 min each and were air-dried. Finally, they were treated 
with 100 ug/ml RNase A (Sigma) in 2 x SSC at 37 °C for 60 min. 

The rDNA probe (Sano and Sano 1990) was kindly supplied 
by Dr. Yoshio Sano, National Institute of Genetics, Mishima 
41 1, Japan. This probe is 3.8 kb in length and covers most of the 
coding regions of the ribosomal RNA genes and the flanking 
spacer regions. The probe was labelled by a random primer 
labelling method with biothin-dUTP under the supplier's in- 
structions. A 15-ul aliquot of the hybridization mixture contain- 
ing 100 ng of biotinylated-rDNA in 50% formamide/2 x SSC 
was dropped on a glass slide. The solution was covered with a 
cover slip, sealed with liquid Arabian gum and then air-dried. 

The glass slide with sealed cover slip was placed on a thermal 
cycler (PHC-3, Techne, Cambridge, UK) that had been remodel- 
led by adding an 80 x 120 mm cast-aluminum flat plate. 
The programmed heating sequence was 70 °C for 6 min and 
37°Cfor 18 h. 

The cover slips were removed and the slides were washed 
with 2 x SSC three times and once with 4 x SSC at 37 °C for 
10 min each. A 70-ul aliquot of fluorescein isothiocyanate 
(FITQ-avidin conjugate (0.1 mg/ml, Boehringer Mannheim) 
was dropped onto the glass slides, which were then incubated at 
37 °C for 60 min. After rinsing the FITC-avidin solution with BT 
buffer (0.1 M sodium hydrogen carbonate, 0.05% Tween-20, pH 
8.3) three times at 40 °C for 10 min each, a 70-ul biotinylated 
anti-avidin solution (1%, Vector Laboratory, Calif., USA.) was 
dropped onto the glass slides which were then incubated at 37 °C 
for 30 min. After brief washing with BT buffer, a 70-ul fluor- 
escein-avidin solution (1%, Vector Lab.) was applied to 
each slide. The slides were again incubated at 37 °C for 30 min 
and then washed thoroughly with BT buffer three times at 40 °C 
for 10 min each. 

Blocking was carried out three times before probe hybri- 
dization and before the immunological reaction with 5% 
bovine serum or goat serum albumin in BT buffer at 37 °C 
for 5 min. 



The slides were counter-stained with a propidium iodide (PI) 
solution (50 ug/ml in phosphate buffer, pH 6.8, 12.5 mg/ml p- 
phenylendiamine dihydrochloride, with 90% glycerol) and were 
then examined by fluorescence microscopy. 

Fluorescence microscopy and image analysis 

A fluorescence microscope (Axiophot, Zeiss) with B- and G-light 
excitation filters (B10, G15) was used. A highly-sensitive color 
CCD camera (HCC-3600P, Floubel, Tokyo) was mounted on 
the microscope and the fluorescent images were directly frozen in 
the image frame memories of an image analysis system (VIDAS, 
Zeiss). All the B- and G-light excitation images were separately 
recorded in floppy disks and were subjected to image analysis. 

Each image has 512 x 512 pixel matrix with 256 steps of a 
grey value for each pixel as in the images previously analyzed and 
reported by using the chromosome image analyzing system, 
CHIAS (Fukui 1985, 1986, 1988; Fukui et al. 1989). Necessary 
image manipulations consisting of shading correction, normali- 
zation, binalization, application of the median filter, and erasing 
of noise on the binary image, were carried out 

Details of each image filter and image manipulation were as 
reported previously (Fukui and Kakeda 1990; Fukui and Iijima 
1991). Chromosomal areas and the signal regions were separate- 
ly extracted from the respective G- and B-light images. For 
the fluorescent signals obtained in the B light, the original 
grey values were transformed to grey values ranging from 200 
to 255. The grey values ranging from 0 to 199 were allocated to 
the pixels of the G-light image that demonstrated mainly 
chromosome images. The two grey images were combined into 
a single image. 

Pseudocoloration using a look-up-table increased the defi- 
nition of the image due to the differential coloration generated by 
computer imaging. The look-up-table was developed by trial and 
error by repeatedly comparing the original microscopic images 
with the computer-generated images (Fukui and Ito 1989; Fukui 
and Kamisugi 1991). The original source images both in B and G 
light were photographed using reversal color films (Fujichrome 
100, ISO 100, Fuji Photo Film Co., Ltd., Tokyo). Digital images 
were photographed by a color image recorder (CIR-310 Nippon 
Avionics, Ltd., Tokyo) using reversal color films (Ektachrome 
100, ISO 100, Kodak). 



Results 

Figure la shows the G-light excitation image of the 
chromosomes of O. sativa, ssp, indica, cv IR36. Two 
pairs of fluorescent signals were observed in B light 
(Fig. lb). Figure lc shows the intergrated image ob- 
tained by image manipulation. The current B or G 
excitation filter used in the experiment visualized either 
the yellowish-green fluorescence of FITC/fluorescein 
or the reddish fluorescence of PI. By image processing, 
the two fluorescent signals were integrated into a single 
image with yellowish signals on the reddish chromo- 
somes. For basic information on the size and number 
of signals on the chromosomes, the visual recognition 
of the integrated image was markedly improved by 
image processing as shown in Fig. lc. The four signal 
positions of IR36 were more precisely determined by 
using the integrated image compared with the two 
original images. 
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Fig. la-c In-situ hybridization of IR36 chromosomes using the biotinylated rDNA probes, a Original photographic image of the 
chromosomes in G light b Original photographic image of signals in B light, c Integrated image of both a and b images by imaging 
methods. The image was also digitally zoomed up. Bars indicate 5 um for a and b and 3 um for c 



Figure 2 depicts eight representative examples of 
signal occurrence on the chromosomes in the nine 
Oryza species with six different genomes. The rDNA 
sites varied from one pair (Fig. 2a, g), two pairs 
(Fig. 2b,e,f), three pairs (Fig. 2c, d) and five pairs 



(Fig. 2h) within the chromosome complements. Al- 
though the size and intensity of the signals varied from 
sample to sample, a general pattern of signal size and 
intensity was evident. Two large and two medium- 
sized signals were most commonly observed in the 




Fig. 2a-h. Fluorescent signals of rDNA sites in eight rice species, a, O. sativa ssp.japonica, CH79; b, O. satiua ssp.javanica, Inakupa; c, 
O. punctata; d, O. officinalis; e, O. eichingeri; f, O. australiensis; & O. brachyantha; h, O. latifolia. Bar indicates 3 um 
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species, giving the four signals as demonstrated in 
Fig. 2e and f. Two large-, two medium-, and two small- 
sized signals were observed in the species with six 
signals, although the differences between the large- 
and medium-sized signals were not always clear 
(Fig. 2c, d). 

On occasions the secondary constriction, the ad- 
joining part of the chromosome and the satellite were 
all fluorescent (Fig. 2e). Such signals were sometimes 
counted as two for one rDNA site, so that the signal 
number was sometimes three, four or even six (Fig. 2e). 
It was, however, possible to distinguish two genuine 
signals from the situation where two signals were 
created at one site by the chromosomal morphology 
observed in G excitation light The secondary constric- 
tions were also sometimes fluorescent (Fig. 2e). 

Table 1 summarizes the number of rDNA loci de- 
tected by the FISH method in nine Oryza species with 
the A, A gJ> , B, C, E, F and CD genomes. One or two 
rDNA loci were identified in the species with the A 
genome. One B genome species showed three rDNA 
loci. Two C genome species showed either two or three 
rDNA loci. Species with the E and F genomes ex- 
hibited either two or one rDNA loci, respectively. The 
number of rDNA loci in the D genome may be either 
two or three as in the case of the C genome species. 
Variability in the number of rDNA sites was thus 



observed between the species with different genomes, 
as well as between species with the same genome. 
Moreover the number of rDNA loci differed between 
the lines within a species. 

Table 1 reports the results of a detailed examin- 
ation of the number of rDNA loci amongst the A 
genome species. 

Three japonica varieties, Nipponbare, Aikoku and 
Tushimaakamai, had one rDNA locus. Three indica 
varieties, Chinsurah Boro II, Kasalath and IR36, ex- 
hibited two rDNA loci. Two javanica rice varieties, 
Ketan Nanga from Indonesia and Inakupa from the 
Philippines, showed two rDNA loci. Three japonica 
varieties from China showed one rDNA locus. On the 
the other hand Kouketsumochi, a glutinous rice from 
southern China, showed two rDNA loci. 

O. rufipogon, an A genome wild species, consists of 
two groups, a perennial type and an annual type (Oka 
1983). One annual and two perennial types were exam- 
ined. One or two rDNA loci were observed in the 
perennial. Two rDNA loci were detected in the annual. 

Figure 3 shows the identification of the rDNA chro- 
mosomes by the FISH method using two trisomic lines 
and the parental variety, IR24. Two large- and two 
small-sized signals were observed on the chromosomes 
of disomic IR24 (Fi& 3a). Five signals were however 
discernible in both trisomic lines. All the fluorescent 



Table 1. Cultivated rice (0. sativa) and the wild species studied and the number of rDNA loci detected 


Species 


Genome 


Varietal group 


Variety name 


Source" and origin 


Number of 












rDNA ioci 


O. sativa 


AA 


japonica 


Nipponbare 


HNAES, Japan 


1 








Aikoku 


HNAES, Japan 


1 








Tushirnaakamai 


HNAES, Japan 


1 








Tarizaohsien 


HNAES, China 


1 








Kouketsumochi 


HNAES, China 


2 








Ch78 


NIG, China 


1 








Ch79 


NIG, China 


1 






indica 


Chinsurah Boro n 


HNAES, India 


2 








Kasalath 


HNAES, India 


2 








IR36 


HNAES, India 


2 






javanica 


Ketan Nanga 


HNAES, Indonesia 


2 








Inakupa 


NIG(22U Philippines 


2 


O. rufipogon 


AA 


Annual type 




NIG(W0iO6), India 


2 






Perennial type 




NIG(W0149), India 


2 










NIG(W1944),China 


1 


0. glumaepatula 








NIGfWll92), Brazil 


1 


0, punctata 


BB 






NIG(W1 582), Chad 


3 


0. officinalis 


CC 






NIG(W0002), Thailand 


3 


0. eichingeri 


CC 






NIG(W1521X Uganda ' 


2 


O. australiensis 


EE 






NIG(W1538X Australia 


2 


O. brachyantha 


FF 






NIG(W1401), Sierra Leone 


1 


O. latifolia 


CCDD 






NIGOV0019), Unknown 


5 



■ HNAES « Hokuriku National Agricultural Experiment Station 

NIG = National Institute of Genetics 

Figures in parentheses indicate the accession number 
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Fig. 3a-c In-situ hybridization of IR24 and its two trisomic lines, a, IR24; b, trisomic line for chromosome 9; c, trisomic line for 
chromosome 10. Bar indicates 3 }im 



signals were located at the ends of the signal-tagged 
chromosomes. The trisomic for chromosome 9 dis- 
played five signals: three large and two medium 
(Fig. 3b), whereas the trisomic for chromosome 10 
showed two large- and three medium-sized signals 
(Fig. 3c). The signal on chromosome 9 was always 
larger and the intensity stronger than that on chromo- 
some 10. For the third locus, the chromosome involved 
could not be definitely determined as there was no 
trisomic line for this chromosome. 



Discussion 

In situ hybridization is an effective method for localiz- 
ing specific RNA or DNA sequences on the chromo- 
somes. It has been applied using radioisotope-labelled 
ribosomal DNA or RNA (Appels et aL 1980; Gerlach 
and Peacock 1980; Hutchinson and Miller 1982). Suc- 
cessful mapping or rDNA on rice chromosomes was 
first achieved using 125 I-labelled rDNA probes (Fukui 
et al. 1987). The resolution of the radioactive probes, 
however, is limited, especially in small plant chromo- 
somes such as those of rice. It also takes a long time to 
detect the signals by micro-autoradiography (Fukui 
1984). 

A non-radioactive labelling method with biotin 
was developed and widely applied to the ISH method 
(Rayburn and Gill 1985; Heslop-Harrison 1990; Mukai 
et al. 1990). The rDNA loci of rice were localized using 
biotinylated probes (Fukui 1990; Islam-Faridi etal. 
1990; Iijima et al. 1991). 

Mainly due to the difficulty in preparing chromo- 
somes suitable for ISH and the identification of rice 
chromosomes after ISH, it has been difficult to localize 
the genes by ISH in rice, although some positive results 
have been reported (Wu et al. 1986, 1991; Fukui et al. 
1987; Fukui 1990; Suzuki et al. 1991; Gustafson and 
Dille 1992). 



We have made three improvements in the fluo- 
rescence ISH (FISH) procedure to obtain reproducibly 
clear signals on rice chromosomes. Firstly, a combina- 
tion of post-treatments was introduced to avoid the 
thin fluorescent layer often observed to cover all the 
field after FISH treatment, especially under B excita- 
tion light. The four post-treatments applied after 
sample preparation were as follows: (1) digestion of the 
polysaccharide layer, originating mainly from the de- 
bris of the cell walls, by the use of an enzymatic 
cocktail; (2) removal of chromosomal proteins by pro- 
teinase treatment; (3) elimination of the scattered 
cytoplasmic debris around the chromosomes by wash- 
ing with 45% acetic acid, which resulted in a consider- 
able reduction of the noise caused by non-specific 
signals associated with the fragments of cellular debris; 
and (4) removal of ribonucleoproteins, that are loosely 
associated with the surface of the metaphase chromo- 
somes (Sato et al. 1988), by RNase treatment. 

Secondly, a rearranged thermal cycler was em- 
ployed throughout the denaturation process of the 
chromosomal and the probe DNA to facilitate hybrid- 
ization of the chromosomal DNA with the probes. The 
most critical step of FISH is the denaturation process 
of DNA. Usually this step lasts only a few minutes 
depending on the material. The maintenance of a 
constant temperature is rather difficult after the glass 
slides are dipped in a denaturing solution since the heat 
capacity of gjutaraldehyde is limited (data not shown). 
The thermal cycler affords the most precise heat con- 
trol since it was developed for the polymerase chain 
reaction. Thus the fluctuations caused by manual dip- 
ping and raising of the glass slide in and out the 
solutions were practically eliminated. 

Thirdly, an imaging method was introduced to 
analyze the FISH signal. Faint fluorescent signals, 
observed especially in B excitation light, could be 
enhanced and integrated into a chromosomal image in 
G light by the imaging method. The utility of imaging 
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methods in plant chromosome research was first re- 
vealed in 1985 when a chromosome image analyzing 
system, CHIAS, was developed (Fukui 1985, 1986, 
1988; Fukui et aL 1989). Image analysis for chromo- 
some research has been effective in the identification 
and characterization of rice chromosomes (Fukui and 
Iijima 1991, 1992; Iijima et al 1991). 

Evolutionary significance of the variability in the number 
of rDNA loci 

This study has revealed variability in the number of 
rDNA loci among the eight diploid and the one tetra- 
ploid species within the genus Oryza. Such variability is 
rare in the Hordeum and Triticum (Dvorak et al. 1989; 
Mukai et al. 1991), where rDNA sites have been inves- 
tigated using the ISH technique. 

It is worth noting that wild rice species have a full 
range of variability as regards the number of rDNA 
loci. However, O. rufipogon, a putative ancestor of 
cultivated rice, has rDNA variability which is similar to 
that of cultivated rice. Cultivated rice has either one or 
two rDNA loci: Varieties in temperate regions have 
one rDNA locus while those in tropical and sub- 
tropical regions have two rDNA loci. It appears that 
there has been selection pressure to reduce the number 
of rDNA loci under adverse conditions such as the low 
temperature prevalent in temperate areas. 

Javanica is sometimes referred to as a tropical 
japonica since there is evidence to prove its simi- 
larity with japonica based on RFLP analysis (Wang 
and Tanksley 1989; Kawase etal. 1991) as well as 
morphological similarities (Oka 1958; Sato 1987). 
Two javanica varieties showed two pairs of rDNA 
loci indicating the similarity to indica. These results 
may be explained by the environmental similarity of 
the areas where both javanica and indica varieties 
are grown. 

The NOR chromosome in species with one NOR 
had already been determined as no. 9, both mor- 
phologically (Kurata and Omura 1978; Fukui and 
Iijima 1991, 1992) and by ISH (Fukui et al. 1987; Fukui 
1990; Iijima etal. 1991). Another NOR chromosome 
was identified as no. 10(Tslam-Faridi et al. 1990). Using 
the trisomic lines for chromosome 9 or 10, the signal 
intensity for each locus was found to be different. The 
locus on chromosome 9 is stronger than that on chro- 
mosome 10. The third rDNA locus was the weakest 
among the three rDNA loci. Since there are no trisomic 
series in species having this locus, it is difficult to 
identify the chromosome bearing this rDNA locus. It 
is, however, suspected to be chromosome 1 1, due to the 
conspicuous secondary constriction in the interstitial 
region of its long arm (Fukui and Iijima 1991). The 
occurrence of a fluorescent signal at this locus in the 
interstitial part of the long arm of a rather small 



chromosome in the two wild rice species lends support 
to this hypothesis. 
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Introduction 

Nonradioactive in situ hybridization of labelled nucleic 
acid probes to chromosomal DNA permits the identifica- 
tion of single-copy nucleic acid sequences (Ambros et al. 
1986), chromosome segments (Le et al. 1989; Heslop- 
Harrison et al. 1990), whole chromosomes (Lichter et al. 
1990), and whole genomes (Le et al. 1989; Schwarzacher 
et al. 1989; Leitch et aL 1990) at all stages of the cell cycle. 
Since a nucleic acid probe can be labelled with a variety of 
different nonradioactive haptens, each of which can be 
visualized with an independent detection system, it is now 
possible to detect two (Hopman et al, 1 986; Cremer et al. 
1988a) or three (Cremer et aL 19886; Nederlof et aL 1989) 
DNA sequences simultaneously on animal chromosomes. 

The ability to locate several plant DNA sequences simul- 
taneously is important for the physical mapping of plant 
genomes. However, the technique for gene mapping in 
plants has lagged behind that for animal chromosome map- 
ping probably as a result of problems associated with the 
plant cell wall and cytoplasmic material. By first digesting 
the cell walls with enzymes, using methods developed by 
Schwarzacher et aL (1980), some of these problems are cir- 
cumvented (Ambros et aL 1986). In this paper we demon- 
strate the simultaneous detection and localization of two 
highly repeated DNA sequences: pTa71 (a clone containing 
a ribosomal DNA sequence isolated from wheat) and 
pScll9.2 (a clone containing a 120-bp tandem repeat 
sequence isolated from rye). The method involved labelling 
one probe with biotin and the other with digoxigenin and 
then using these probes together in an in situ hybridization 
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experiment on chromosome spreads of Secale cereale 
cv. Petkus Spring. 

Materials and methods 

Plant material and chromosome preparation 

Root tips were obtained from seedlings of Secale cereale L. 
cv. Petkus Spring. Seeds were germinated on moist filter paper for 
48 h at 25°C, 24 h at 4°C, then 26 h at 25°C to synchronize cell 
divisions. The seedlings were then transferred to 0.05*70 (w/v) col- 
chicine for 24 h at 4°C to accumulate metaphases, and fixed in 
ethanol - acetic acid (3:1, v/v). Chromosome spreads were made 
from enzyme-softened root tips squashed in 45% acetic acid (see 
Schwarzacher et aL 1980). 

DNA probes 

pTa71 contains a 9-kb EcoRl fragment of the ribosomal DNA 
(rDNA) isolated from wheat, Triticum aestivum (Gerlach and 
Bedbrook 1979), recloned into pUC19 and provided by R.A. Flavell 
and M. O'Dell; it contains the 5.8S, 18S, 25S, and nontranscribed 
spacer sequences. 

pScl!9.2 (kindly supplied by R. Appels; Mclntyre et aL 1990) 
was subcloned from pScl 19 and includes a 120-bp tandem repeat 
unit of DNA isolated from rye, Secale cereale (Bebrook et at. 1980). 

One cloned DNA sequence was labelled with biotin- 11-dUTP 
(Sigma) and the other with digoxigenin- 1 1-dUTP (Boehringer 
Mannheim) by nick translation. Immediately prior to in situ hybrid- 
ization both probes were mixed (each to a final concentration of 
5 fig mL ') in a solution of 50% (v/v) formamide, 10% (w/v) 
dextran sulphate, 0.1 % (w/v) SDS (sodium dodecyl sulphate), and 
2x SSC (0.3 M sodium chloride, 0.03 M sodium citrate). 
Pretreatment 

Slide preparations were incubated in 100 /*g mL" 1 DNase-free 
RNase in 2x SSC for 1 h at 37°C, washed twice in 2x SSC for 
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10 min at room temperature, dehydrated in a graded ethanol series, 
and air dried. 

Chromosome and probe denaturation 

The probe mixture was denatured at 70 °C for 10 min, loaded 
onto the slide preparation, and covered with a plastic cover slip. 
The slides were then placed in a humid chamber and the chromo- 
somes and probe were denatured together at 90° C for 10 min. 

DNA-DNA hybridization and posthybridization washes 

Hybridization was carried out overnight at 37°C. After hybrid- 
ization, slides were washed in 2x SSC twice, 5 min each, at 40°C 
and then given a stringent wash in 50% (v/v) formamide in 2 x SSC 
for 10 min at 40° C. The wash allows DNA sequences with more 
than 85% homology to the probe to remain hybridized, assuming 
that parameters affecting probe hybridization in solution (Meinkoth 
and Wahl 1984) are identical for chromosomal DNA in situ. The 
slides were then washed in 2 x SSC twice, 5 min each at 40°C and 
then twice, 5 min each, at room temperature. 

Detection of hybridization to ceil spreads 

The detection of biotin with Texas red labelled avidin (Vector 
Laboratories) and digoxigenin with sheep anti-digoxigenin- 
fluorescein (Boehringer Mannheim) was carried out simultaneously. 
Slides were transferred into detection buffer (4 x SSC, 0.2% (v/v) 
Tween-20) for 5 min, treated with 5°7e (w/v) BSA (bovine serum 
albumin) in detection buffer for 5 min, and then incubated in 5 fig 
mL -1 Texas red labelled avidin and 20 fig mL" 1 anti-digoxigenin- 
fluorescein in detection buffer containing 5% (w/v) BSA for 1 h 
at 37°C. After incubation the slides were washed in detection buffer 
three times, 8 min each, at 37°C. 

The signals from biotin and digoxigenin were amplified. After 
a 5-min block with 5% (v/v) normal goat serum (Vector Labora- 
tories) in detection buffer the slides were incubated with 
25 fig mL ~ 1 biotinylated anti-avidin D (Vector Laboratories) and 
10 fig mL -1 FITC-conjugated rabbit anti-sheep (Dakopatts) in 
detection buffer containing 5°?o (w/v) normal goat serum for 1 h 
at 37°C. After washing in detection buffer three times, 8 min each, 
at 37 °C the slides were reincubated with Texas red labelled avidin 
as described above. 

The slides were counterstained with 2 fig mL -1 DAPI (4', 
6-diamidino-2-phenylindole) in Mcllvaine's citrate buffer (0.01 M 
citric acid, 0.08 M sodium hydrogen phosphate, pH 7) and then 
were mounted in antifade solution (AFI, Citifluor) to reduce fading 
of fluorescence. Slides were examined with a Zeiss epifluorescence 
microscope with filter sets 02, 09, and 12. Photographs were taken 
on Fujicolor Super HG 400 colour print film. 

Results 

Root-tip metaphase spreads of S. cereaie were stained with 
the fluorochrome DAPI, which fluoresces blue (emission 
maximum, 455 nm) on excitation with ultraviolet light 
(excitation maximum, 365 nm) (Figs. 1A and 2A). DAPI, 
which quantitatively binds to AT-rich sequences (Schweizer 
1981), showed nonuniform fluorescence along the chromo- 
somes. Following in situ hybridization with digoxigenin 
labelled pSc 119.2, detected by FITC fluorescence (excita- 
tion maximum, 495 nm (blue); emission maximum, 515 nm 
(green)), and biotinylated pTa71 detected by Texas red 
fluorescence (excitation maximum, 595 nm (green); emis- 
sion maximum, 615 nm (red)), both sequences could be 



mapped to S. cereaie chromosomes simultaneously (Figs. IB 
and 1C). Most locations of pSc 119.2 hybridization (Fig. IB) 
occurred at sites of heterochromatin as revealed by DAPI 
fluorescence. The location of the 120-bp tandem repeat 
sequence is known to be correlated with some of the het- 
erochromatic C-bands of rye (Jones and Flavell 1982). The 
two sites of pTa71 hybridization (Fig. 1C) mapped onto the 
short arm of chromosome 1R, corresponding to the loca- 
tion of the nucleolar organizing region in rye. As a result 
of the high copy number of rRNA genes in cereals (estimated 
to be 5 000 - 18 000 per genome (Flavell and Smith 1974; 
Liang et al. 1977)) Texas red fluorescence was also visible 
following excitation with blue light for FITC (Fig. IB). It 
arises because there is an overlap in the excitation spectra 
of the two fluorochromes such that detectable Texas red 
fluorescence occurs when chromosomes are strongly 
labelled. 

By exchanging the labelling of the probes (i.e., pTa71 
labelled with digoxigenin and pScl 19.2 labelled with biotin) 
the sites of Texas red and FITC fluorescence were reversed 
(Fig. 2). Texas red fluorescence in the region of the rDNA 
sequences (Fig. 2C), which is substantially less than the 
signal, is probably due to a limited cross-reactivity of the 
different antibodies used in the detection steps. Compari- 
son of the two figures shows the sensitivities of detection 
achieved by the two labelling methods is similar. 

Discussion 

The ability to localize more than one probe in a single 
experiment is of major importance for plant molecular cytol- 
ogy. Unlike Southern hybridization experiments, techniques 
to reprobe chromosome preparations are not available and 
hence direct comparisons of different probe hybridization 
sites following in situ hybridization cannot be made. Com- 
paring hybridization sites of different probes on different 
metaphase chromosomes is unsatisfactory because measure- 
ments between the probe site and morphological features 
of chromosomes (including telomeres, centromeres, and 
nucleolar organizing regions) will differ depending on chro- 
mosome condensation and other factors (Lichter et al. 
1990). In situ hybridization experiments using two or more 
probes simultaneously enables direct ordering of the probe 
hybridization sites on one metaphase chromosome (Lawrence 
et al. 1990). In addition simultaneous detection of hybrid- 
ization sites of multiple probes will be useful to determine 
the direction of chromosome walking in long-range gene 
cloning experiments. 

Visualizing multiple targets simultaneously in a single 
experiment is of particular importance for the physical map- 
ping of genes along plant chromosomes where chromosome 
banding patterns (such as C- and N-bands) are limited. By 
using one probe for the identification of a specific chromo- 
some, additional sequences can be mapped along the chro- 
mosome arm without the need to resort to banding patterns 
for chromosome identification. In theory, the number of 
sequences that can be ordered along a single chromosome 



Fig. 1 . Root-tip metaphase cell spread from 5. cereaie after the simultaneous in situ hybridization and detection of biotinylated- 
pTa71 and digoxigenin labelled pScll9.2. (A) DAPI staining for DNA. (B) The hybridization sites of pSc!19.2 are detected by yellow 
FITC fluorescence corresponding to the location of the 120-bp tandem repeat sequence of DNA. The pTa71 signal is also visible (orange 
bands). (C) The hybridization sites of pTa71 are detected by Texas red fluorescence (red bands) corresponding to the location of the 
rRNA genes in rye. The chromosome outlines are drawn in white based on the DAPI staining seen in Fig. 1 A. Scale bars represent 5 fim. 
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type can be expressed by S = where S is the number 
of sequences that can be ordered; L is the number of dif- 
ferent labelling and detection systems; and TV is the number 
of slides. By using this equation one could speculate that 
eight sequences could be mapped in order along a chromo- 
some type by examining only three slides, on each of which 
the eight probes had been labelled in different combinations 
with one of two systems. The development of additional 
labelling-detection combinations will further simplify the 
determination of gene order and increase the efficiency of 
physical mapping of DNA sequences. 
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Fig. 2. Root-tip metaphase cell spread from S. cereale after the simultaneous in situ hybridization and detection of biotinylated- 
pScll9.2 and digoxigenin labelled pTa71. (A) DAPI staining for DNA. (B) The sites of hybridization of pTa71 are detected by FITC 
fluorescence (yellow bands) corresponding to the location of rRNA genes in rye. The sites of pSc!19.2 hybridization are also visible, 
weakly fluorescing orange. (C) The hybridization sites of pScl 19.2 are detected by Texas red fluorescence corresponding to the location 
of the I20-bp tandem repeat sequence of DNA in rye. Texas red fluorescence in the region of the rDNA sequences is probably due 
to a limited cross-reactivity between the different antibodies used in the detection. The chromosome outlines are drawn in white based 
on the DAPI staining seen in Fig. 2A. Scale bars represent 5 fim. 
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Jiang, J., and Gill, B.S. 1994. Nonisotopic in situ hybridization and plant genome mapping: the first 10 years. 
Genome, 37: 717-725. 

Nonisotopic in situ hybridization (ISH) was introduced in plants in 1985. Since then the technique has been 
widely used in various areas of plant genome mapping. ISH has become a routine method for physical mapping 
of repetitive DNA sequences and multicopy gene families. ISH patterns on somatic metaphase chromosomes using 
tandemly repeated sequences provide excellent physical markers for chromosome identification. Detection of low or 
single copy sequences were also reported. Genomic in situ hybridization (GISH) was successfully used to analyze 
the chromosome structure and evolution of allopolyploid species. GISH also provides a powerful technique for 
monitoring chromatin introgession during interspecific hybridization. A sequential chromosome banding and ISH 
technique was developed. The sequential technique is very useful for more precise and efficient mapping as well as 
cytogenetic determination of genomic affinities of individual chromosomes in allopolyploid species. A critical 
review is made on the present resolution of the ISH technique and the future outlook of ISH research is discussed. 

Key words: in situ hybridization, physical mapping, genome mapping, molecular cytogenetics. 

Jiang, J., et Gill, B.S. 1994. Nonisotopic in situ hybridization and plant genome mapping: the first 10 years. 
Genome, 37 : 717-725. 

L'hybridation in situ (ISH) non-isotopique a 6x6 utilised chez les plantes pour la premiere fois en 1985. Depuis lors, 
la technique a 6t6 employee large ment dans plusieurs domaines de la cartographie des genomes v6g6taux. L' hybridation 
in situ est devenue une technique de routine dans la cartographie physique des sequences d*ADN r6p6x6es et des families 
de genes presents en copies multiples. Les motifs produits sur les chromosomes somatiques en metaphase suite a I' hybri- 
dation in situ de sequences r6p£t6es en tandem constituent d'excellents marqueurs physiques aux fins d' identifi- 
cation des chromosomes. La detection de sequences uniques ou en faibles copies a £galement 6i6 rapport£e. Uhybri- 
dation in situ gdnomique (GISH) a 6x6 employee avec succes dans V analyse de la structure des chromosomes et 
de revolution des especes allopolyploides. L'hybridation in situ gdnomique constitue une technique puissante pour 
suivre le degre" d'introgression obtenu lors de croisements intersp£cifiques. Une technique s^quentielle de striation 
chromosomique (« chromosome banding ») suivie d' hybridation in situ a 6x6 mise au point. Cette technique permet 
une cartographie plus precise et plus efficiente de meme qu'une determination cytog£n£tique des affinites genomiques 
de chromosomes individuels a l'inte>ieur d'especes allopolyploides. Les auteurs pr£sentent un examen critique de la 
resolution pr£sentement offerte par V hybridation in situ et discutent des avenues de recherche futures de cette tech- 
nique. 

Mots cles : hybridation in situ, cartographie physique, cartographie gdnomique, cytog£n£tique moieculaire. 
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Introduction 

The in situ hybridization (ISH) technique, developed more 
than 20 years ago (Gall and Pardue 1969; John et al. 1969), 
provides a method to localize genes or DNA sequences 
directly on chromosomes in cytological preparations. The 
original ISH technique using isotopic probes is sensitive 
and very useful for detecting single-copy DNA sequences 
(see review by McNeil et al. 1991). The main disadvantages 
of the isotopic ISH technique are the limited resolution 
owing to the use of an emitted isotopic signal captured by an 
emulsion layer and the need for scoring and statistical analy- 
sis of silver grains on a large number of metaphase cells. 
Moreover, the detection of hybridization sites by the auto- 
radiographic procedure requires a long exposure time of 
several weeks or months. 

To overcome these limitations, nonisotopic ISH techniques 
were developed (Langer-Safer et al. 1982). Initially, non- 
isotopic ISH techniques were used for detection of repetitive 
DNA sequences or amplified sequences in polytene chro- 
mosomes only (Langer-Safer et al. 1982; Manuelidis et al. 
1982), but since then the sensitivity of the technique has 
been greatly improved. Detection of single-copy DNA 
sequences as small as 0.9 kb was reported in humans (Viegas- 
P6quignot et al. 1991). Moreover, nonisotopic ISH tech- 
niques are amenable to fluorescent and confocal microscopic 
techniques, and image processing technology (Lichter et al. 
1990). The present paper will review the applications of 
nonisotopic ISH techniques in plant genome mapping during 
the last 10 years. 

The basic technique 

The nonisotopic ISH technique, using biotin-labelled DNA 
probes (Langer-Safer et al. 1982; Manuelidis et al. 1982), was 
first introduced in plant species by Rayburn and Gill in 
1985. In this procedure, the probe DNA is labelled with 
biotinylated dUTP and the hybridization sites are detected by 
enzymatic reporter molecules, commonly horseradish per- 
oxidase or alkaline phosphatase conjugated avidin/streptavidin. 
Recently, a system using digoxygenin-labeled nucleotides 
detected by antibodies carrying enzymatic tags has also 
become popular. The enzymatic detection methods have 
advantages over the fluorescence methods (see below) in 
that the reaction can be prolonged to amplify signals and 
the signals do not fade. 

Fluorescence in situ hybridization (FISH), using fluoro- 
chromes for signal detection (Langer-Safer et al. 1982; Pinkel 
et al. 1986), has several advantages over ISH using enzymatic 
detection methods. First, different DNA probes can be 
labelled with different haptens and simultaneously detected 
using different fluorochromes (multicolor FISH), thus allow- 
ing their physical order on chromosomes to be determined 
(Lichter et al. 1990; Leitch et al. 1991; Mukai et al. 1993a). 
If a specific probe having multiple sites that is useful for 
chromosome identification was previously mapped, a new 
probe can be directly mapped to a specific chromosome by 
cohybridization with the known probe (Jiang and Gill 1994&). 
Second, fluorescence signals can be captured by special 
cameras or laser scanning microscopes and analyzed 
with digital imaging systems, thus allowing more precise 
mapping. 

One of the important modifications of the ISH technique 
is genomic in situ hybridization (GISH) (Durnam et al. 
1985; Pinkel et al. 1986; Le et al. 1989; Schwarzacher et al. 



1989). In GISH, total DNA from the genome of one parent 
of a polyploid species or a hybrid is labelled as a probe, 
and unlabelled total DNA from the other genome(s) of other 
parent(s) is added in the hybridization mixture, resulting in 
the differentiation of chromosomes from different genomes. 
The preferential hybridization of the labelled genomic probe 
to the chromosomes of its genomic origin is most likely 
due to the presence of genome-specific repetitive DNA 
sequences. If two genomes are very closely related and share 
most of the repetitive DNA sequences, then the distinction 
between the two genomes becomes relatively difficult. 

Sequential banding and ISH technique 

In humans, ISH is integrated with various chromosome 
banding techniques into a single procedure, and DNA 
sequences can be directly mapped to specific chromosomal 
regions (Lawrence et al. 1990; McNeil et al. 1991). In plants, 
Hutchinson and Seal (1983) localized a repetitive DNA 
sequence on individual rye (Secale cereale) chromosomes 
by a sequential isotopic ISH and C-banding procedure. 
However, the resolution of the C-banding was greatly 
reduced. No further results were reported on the applica- 
tion of this technique. 

To exploit the potential of sequential applications of band- 
ing and in situ hybridization on plant chromosomes, we 
tried different combinations of N- or C-banding with ISH. 
A modified N-banding/ISH sequential procedure gave the 
best results. Similarly, a modified C-banding/ISH also gave 
satisfactory results. The hot acid treatment in the regular 
N- or C-banding procedures was the major factor affecting 
the resolution of the subsequent ISH. Therefore, the hot 
acid treatment was deleted (in N-banding) or modified (in 
C-banding) to allow subsequent ISH. By the sequential mod- 
ified N- or C-banding - ISH/GISH techniques, multicopy 
DNA sequences and the breakpoints of intergenomic translo- 
cation chromosomes were directly allocated to specific wheat 
chromosomes (Jiang and Gill 1993a, 1994a, 19946) (Fig. 1). 

Mapping of repetitive DNA sequences and multicopy 
gene families 

Repetitive DNA sequences 

ISH is the most accurate way to determine the dispersed 
or tandem distribution of repetitive DNA sequences on indi- 
vidual chromosomes. A large number of repetitive DNA 
sequences from plant species were physically mapped by 
ISH (Rayburn and Gill 1985, 1986; Lapitan et al. 1989; 
Maluszynska and He slop^ Harrison 1991; Tsujimoto and Gill 
1991; Anamthawat-J6nsson and Hes lop-Harrison 1993; Jiang 
et al. 19946). 

Physical locations of various repetitive DNA sequences 
can be used to analyze the molecular nature of hetero- 
chromatin. For example, sequences of the 480-bp family 
(also named the 350 bp family) from rye {Secale cereale) 
are mainly located at the telomeric regions on all seven 
pairs of chromosomes (Bedbrook et al. 1980; Appels et al. 
1981). These locations correspond to most of the major 
C-banded regions (Mukai et al. 1992). Several other major 
repetitive DNA sequence families were dispersed in the 
entire rye genome (Bedbrook et al. 1980; Appels et al. 1986; 
Guidet et al. 1991). This was the first systematic analysis of 
the relationship between different heterochromatic bands 
and repetitive DNA sequences in plants. 

Molecular karyotypes can be constructed by ISH using 
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Fig. 1. Sequential N-banding and in situ hybridization using repetitive DNA sequence pScll9 as a probe on metaphase chromosomes 
of Triticum turgidum var. durum cv. Langdon. (a) N-banding patterns. All 28 chromosomes of cv. Langdon can be identified. 
(b) Subsequent ISH on the same metaphase cell. All B genome chromosomes, together with 4A and 5 A, show unique hybridization 
patterns. 



tandemly repeated DNA sequences as probes (Rayburn and 
Gill 1985, 1986; Lapitan et al. 1989; Mukai et al. 1993a). 
Unique ISH patterns on individual chromosomes provide 
an alternative method for chromosome identification. For 
example, the 120-bp repetitive DNA sequence family from 
rye gave unique ISH patterns on chromosomes from sev- 
eral species of the Triticeae (Rayburn and Gill 1985, 1988; 
Lapitan et al. 1987; Friebe et al. 1991). All chromosomes 
from the B and G genomes and several chromosomes from 
the A and D genomes can be identified by ISH patterns 
using the 120-bp sequence as a probe (Rayburn and Gill 
1985; Jiang and Gill 1994a) (Fig. 1). The 18S-26S riboso- 
mal RNA genes were directly mapped on chromosomes of 
Aegilops speltoides by cohybridization with the 120-bp 
sequence (Jiang and Gill 19946). 

Multicopy gene families 

ISH was successfully used to map multicopy gene families, 
such as the 5S and 18S-26S ribosomal genes, on plant chro- 
mosomes (Skorupska et al. 1989; Bergey et al. 1989; Mukai 
et al. 1990, 1991; Griffor et al. 1991; Lapitan et al. 1991; 
Leitch and Heslop-Harrison 1992, 1993; Ricroch et al. 1992) 
(Fig. 2a). ISH permits not only the physical localization of 
these multicopy genes but also identification of gene loci 
lacking polymorphism that otherwise cannot be mapped by 
conventional RFLP analysis. Several new loci of 5S and 
18S-26S rRNA genes in wheat and barley (Hordeum vulgare) 
were detected by ISH analysis (Mukai et al. 1990, 1991; 
Leitch and Heslop-Harrison 1992, 1993; Jiang and Gill 



19946). Multicopy genes were also mapped on specific 
chromosomes in meiosis (Crane et al. 1993). 

Mapping of low- or single-copy sequences: a critical 
evaluation 

A great effort was made in several laboratories to improve 
the sensitivity of the nonisotopic ISH technique for map- 
ping low- or single-copy DNA sequences on plant chromo- 
somes. However, the resulting reports need to be evaluated 
carefully. Reports of detection of low- or single-copy 
sequences included a 17-kb T-DNA in Crepis capillaris 
(Ambros et al. 1986), a 13.5-kb legumin gene in pea (Pisum 
sativum) (Simpson et al. 1988), the (3-tubulin gene in alfalfa 
(Schaff et al. 1990), the B-hordein gene cluster with more 
than 10 copies in barley {Hordeum vulgare) (Lehfer et al. 
1993), and the oc-amylase-2 gene in barley (Leitch and Heslop- 
Harrison 1993). In these successful cases, the targeted DNA 
sequences on chromosomes were all more than 10 kb long. 

There are also reports of mapping of DNA sequences as 
small as 0.7 kb (Gustafson et al. 1990; Gustafson and Dille* 
1992). The reported frequency of signal detection was very 
low (one or more than one ISH signal in 6% of the 
metaphase cells observed), and usually the signal was 
detected on one chromatid only. At such low detection fre- 
quencies, without a careful monitoring of the target chro- 
mosome, the distinction between a true signal and an artifact 
or a background spot is difficult. For example, Clark et al. 
(1979) localized the B-hordein gene to 46% of the distance 
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from the centromere on the short arm of barley chromo- 
some 5 with a detection frequency of 0.025. Lehfer et al. 
(1993) recently reported that the B-hordein gene is actually 
located at the distal end of the short arm of chromosome 5. 
The discrepancy of these two reports is most likely due to the 
misidentification of the real ISH signals by Clark et al. 
(1979). 

To estimate the sensitivity of the ISH technique, we used 
a maize (Zea mays) genomic clone (KSU3) as a probe. 
KSU3 contains a fragment about 3.5 kb long and was genet- 
ically mapped on the short arm of chromosome 10 (Hong 
et al. 1993). This fragment is amplified as tandem clusters 
with different copies in different maize lines (Hong et al. 
1993). In a line with about 10 copies of the protein kinase 
gene, the ISH signals using this gene as a probe- can be 
clearly located in the distal region of the short arm of the 
smallest maize chromosome (chromosome 10). The signals 
appeared as single dots on both chromatids of both homol- 
ogous chromosomes (Fig. 26) and can be detected in more 
than 90% of the cells. However, in other lines with only 
one or few copies of the gene, ISH signals become much 
weaker compared with those on the first line, and the fre- 
quency of signal detection becomes very low. 

Genome analysis and monitoring of alien chromatin 

Genome analysis 

Genomes that are genetically very close, such as those 
from barley and Hordeum bulbosum, can be differentiated by 
GISH (Anamthawat-J6nsson et al. 1993). Thus, GISH can be 
applied in chromosome pairing analysis to monitor inter- 
genomic (homoeologous) pairing (Le and Armstrong 1991; 
King et al. 1993; Chen et al. 1994). It is difficult to distin- 
guish intragenomic and intergenomic chromosome pairing by 
conventional meiotic analysis. GISH is thus a valuable sup- 
plemental technique to the traditional genome analysis 
method. 

GISH was successfully used to analyze the chromosome 
structure in allopolyploid species. GISH analysis using 
genomic DNA from probable diploid progenitor species as 
probes provided important information of the genome evo- 
lution and divergence of allopolyploid species (Bennett et al. 
1993; Kenton et al. 1993; Mukai et al. 1993a; Jiang and 
Gill 1994a; Jellen et al. 1994). A number of intergenomic 
translocations were discovered in tobacco (Nicotiana tabacum, 
SSTT) genomes (Kenton et al. 1993). Similarly, GISH was 
used to identify intergenomic A-C and A/D-C transloca- 
tions in allotetraploid and hexaploid oat species (genus 
Avena) (Jellen et al. 1994; Chen and Armstrong 1994). 
A species-specific cyclic translocation involving chromo- 
somes 1G, 4G, and 6A 1 was found in Triticum timopheevii 
(A'A'GG) by GISH analysis (Jiang and Gill 1994a) (Fig. 2c). 
A different cyclic translocation involving chromosomes 4A, 
5 A, and 7B was reported in Triticum turgidum and Triticum 
aestivum (Naranjo et al. 1987; Naranjo 1990; Liu et al. 
1992). The presence of different species-specific chromo- 
some translocations, together with the cytoplasmic differ- 
ence of the A ! A l GG and AABB species, support the theory 
that the polyploid A'A'GG and AABB species were derived 



from two different original amphiploids (Tsunewaki and 
Ogihara 1983; Jiang and Gill 1994a). 

If the morphology of chromosomes from different genomes 
in a polyploid species have no distinct differences, the deter- 
mination of the genomic affinity of individual chromosomes 
is very difficult. The pioneering work was done in hexaploid 
wheat by chromosome pairing analysis using aneuploids 
(Sears 1954; Okamoto 1962). However, this strategy can 
hardly be applied to other polyploid species because of the 
time-consuming work of aneuploid isolation. A rapid method 
to assign individual chromosomes to different genomes in 
a polyploid species was developed by a sequential band- 
ing and GISH analysis (Jiang and Gill 1994a). Chromosomes 
were identified by either modified N- or C-banding. Well- 
spread and well-banded metaphase cells were photographed 
and the preparations then were analyzed with GISH. By 
comparing the banding and GISH photographs from the 
same metaphase cell, a group of banded chromosomes can be 
assigned to the labelled genome. 

Monitoring of alien chromatin 

Introgression of alien chromosome segments containing 
useful genes into crop plants through wide hybridization is 
a valuable method for plant breeding. As a good example, the 
short arm of rye chromosome 1 R, carrying several disease 
resistance genes, was incorporated into many high-yielding 
wheat cultivars (Rajaram et al. 1983). Monitoring of alien 
chromatin during introgression is critical for a successful 
transfer. 

A number of different techniques can be used to detect 
alien chromatin (see review by Jiang et al. 1994a). GISH 
is the most efficient and accurate technique to allocate the 
breakpoints and estimate the amount of alien chromatin of the 
translocation chromosomes. Although ISH using highly dis- 
persed, species-specific repetitive DNA sequences as probes 
can also be used to detect the breakpoints of the translocation 
chromosomes (Lapitan et al. 1986; Friebe et al. 1993a; Kim 
et al. 1993a, 19936), isolation of such types of DNA 
sequences is difficult and time consuming. Many wheat-alien 
chromosome translocation lines were characterized by GISH 
analysis (see review by Jiang et al. 1994a; Friebe et al. 
1994a) (Figs. 2d and 2e), Chromosome banding is required 
to identify the wheat chromosomes involved in the translo- 
cations (Friebe et al. 1992, 19936, 1994a; Jiang and Gill 
19936; Jiang et al. 1993; Jiang et al. 19946; Mukai et al. 
19936). Sequential banding and GISH permits direct iden- 
tification of the translocation chromosomes (Jiang and Gill 
1993a). The combination of chromosome banding and GISH 
also allows the estimation of the size of the added alien 
chromosome segment and the missing wheat chromosome 
segment (Friebe et al. 1992, 19936, 1994a; Jiang et al. 1993). 

Other applications 

GISH was applied to analyze the distribution of chro- 
matin from different genomes in interspecific hybrids. 
Analysis of interphase nuclei of a Hordeum chilense X Secale 
africanum hybrid showed that chromatin originating from 
the parental genomes did not intermix but occupied distinct 
domains (Leitch et al. 1990). Similar separation of parental 



see Jiang and Gill (19936). (e) Chromosome painting of cv. Amigo wheat. The rye chromosome arm IRS on translocation chromosomes 
T1AL IRS is detected by Rodamine (red color, arrowheads). The Agropyron elongatum chromosome segment in cv. Amigo was 
first reported by The et al. (1992). This Agropyron elongatum segment is located on the satellite of chromosome IB (J. Jiang and 
B.S. Gill, unpublished results) and is detected by FITC (turquoise color, arrows). Chromosomes were counterstained by DAPI. 
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genomes throughout the cell cycle was also observed in 
a H. vulgare X S. africanum hybrid (Leitch et al. 1991). 
These results indicated that the hybrid nuclei are spatially 
organized at the genome level. 

Separation of a chromosome from the rest of the genome 
in interphase nuclei was also observed in wheat-alien chro- 
mosome addition or translocation lines. The alien chromo- 
somes in the addition or translocation lines were not exten- 
sively intermixed with the wheat chromosomes and occupied 
discrete domains within the interphase nuclei (Heslop- 
Harrison et al. 1990; Mukai and Gill 1991). 

Future outlook 

Improvement of the resolution of the ISH technique 

One of the most important future tasks will be to improve 
the resolution of the nonisotopic ISH technique in plants. 
At present, probes targeting DNA sequences shorter than 
10 kb cannot be mapped by most laboratories. This will be 
the major limitation to wide application of ISH for plant 
genome mapping. The relatively low resolution of the non- 
isotopic ISH compared with that used in humans is probably 
due to the following factors: (/) the presence of cell walls and 
cytoplasmic debris; (/'/) the more pronounced condensation 
of metaphase chromosomes; and (Hi) lack of dedicated 
research on the optimization of the total hybridization process. 

ISH using large genomic DNA clones as probes 

The use of large genomic DNA clones can be considered 
as an alternative approach to map single-copy sequences in 
plants. In humans, cosmid or yeast artificial chromosome 
(YAC) clones can be directly mapped on metaphase chro- 
mosomes by ISH (Landegent et al. 1987; Lichter et al. 1990; 
Selleri et al. 1991). The cross-hybridization of the repeti- 
tive DNA sequences in the genomic clones can be sup- 
pressed through competition hybridization with Cot- 1 DNA. 
This technique greatly facilitated the physical mapping of 
single-copy genes in humans. Genomic clones containing 
the target gene can be screened from the genomic libraries 
and then mapped by ISH. 

With the present skills in several laboratories, unique 
DNA sequences of about 10 kb give detectable signals in 
ISH analysis. If repetitive DNA sequences account for 80% 
of plant genomic DNA, a 200-kb YAC or bacterial artificial 
chromosome (BAC, see Shizuya et al. 1992) clone theoret- 
ically should contain approximately 40 kb of unique 
sequences that will generate good ISH signals. 

Interphase mapping 

The order of two DNA probes separated by more than 
I Mb can be determined on metaphase chromosomes by 
ISH in humans (Lawrence et al. 1990). When the distance 
between two probes is less than 1 Mb, the ISH signals from 
these two probes result in a single spot on metaphase chro- 
mosomes. However, DNA sequences separated by 50 kb 
can be resolved in interphase nuclei (Lawrence et al. 1988; 
Trask 1991). Analysis of sequences separated from 50 kb 
to 1Mb apart indicated a strong correlation between interphase 
distance and linear DNA distance (Lawrence et al. 1990; 
Trask et al. 1989). With multicolor FISH analysis on inter- 
phase nuclei, Trask et al. (1992) determined the order of 
three probes spanning 300-500 kb. 

Plant metaphase chromosomes are more condensed than 
human metaphase chromosomes. This is probably one of 
the reasons why low copy probe ISH is more difficult in 



plants. Thus interphase, the stage in which the chromosomes 
are decondensed, should be exploited for ISH mapping in 
plants. Exploiting the relationship between interphase and 
linear DNA distances in plants will be important for chro- 
mosome walking and map-based cloning. There is discrep- 
ancy between the genetic and physical distances in plant 
chromosomes (Werner et al. 1992). This is because the fre- 
quency of recombination is uneven along the length of 
a chromosome. Thus, the flanking DNA markers of a target 
gene sometimes cannot be mapped on a single DNA fragment 
in long range mapping, even though the markers are very 
close to each other on the genetic map. In these cases, inter- 
phase ISH mapping will be an alternative way to examine the 
physical distances between the flanking markers. The 
separation distance of the ISH sites in interphase can be 
used to estimate the linear DNA distance between the 
markers. 

Cytogenetic determination of linkage relationship 

Cytogenetic determination of the relationship between 
genetic linkage and individual chromosomes should be con- 
sidered as one of the major future tasks of molecular cyto- 
geneticists. Assigning a chromosome to a specific linkage 
group traditionally relies on aneuploid analysis, such as 
trisomic analysis. However, such aneuploid stocks are difficult 
to maintain and complete trisomic sets are not available for 
all crop plants. An efficient and valuable method for cyto- 
genetic identification of the relationship between genetic 
linkage and individual chromosomes could be developed 
using ISH analysis. DNA sequences specific to a particular 
linkage group can be converted to ISH markers for cytoge- 
netic identification. If the ISH technique using large genomic 
DNA clones as probes can be developed in plants, ISH 
markers can be screened from YAC and BAC libraries. 
Sequential banding and ISH analysis can be used to locate 
the ISH markers to specific chromosomes. ISH markers will 
also be very useful to analyze chromosome structure mod- 
ification and evolution among related species. 
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Abstract: The molecular characterization of C-banded regions of Secale montanum Guss. by 
means of in situ hybridization was performed in order to provide new information about their 
chromosome structure relative to cultivated rye, Secale cereale L. Accurate identification of 
individual chromosomes was achieved using simultaneous and (or) successive fluorescent in situ 
hybridization (FISH) and C-banding. FISH identification was performed using total rye DNA, 
three highly repetitive rye DNA sequences (pSc 119.2, pSc74, and pSc34), and the ribosomal RNA 
probes pTa71 (1 8S, 5.8S, and 26S rDNA) and pTa794 (5S rDNA). FISH was also used to identify 
the chromosome segment involved in two spontaneous translocation lines recovered from a 
'Chinese Spring* - S. montanum wheat-rye addition line. FISH analysis revealed the exact 
translocation breakpoints and allowed the identification of the transferred rye segments. The value 
of this type of analysis is discussed. 

Key words: Secale cereale, Secale montanum, rye, repetitive DNA, fluorescence in situ hybridization. 

Resume* : L' hybridation in situ par fluorescence (FISH) a 6te employee pour caracteViser, au 
niveau moleculaire, les regions a bandes C du Secale montanum Guss. afin de mieux definir la 
structure des chromosomes de celui-ci par rapport a ceux du seigle cultive, Secale cereale. Une 
identification precise des chromosomes individuels a ete realisee en employant simultandment ou 
successivement Thybridation in situ et le marquage des bandes C. ^identification par marquage 
FISH a ete realisee en utilisant comme sonde TADN total de seigle, trois sequences hautement 
repetees chez le seigle (pScl 19.2, pSc74 et pSc34) et les sondes d'ADN ribosomique pTa71 
(ADNr I8S, 5.8S et 26S) et pTa794 (ADNr 5S). La technique FISH a egalement ete employee 
afin d'identifier un segment de chromosome implique dans deux translocations spontanees 
derivdes d'une lignde d'addition ble-seigle ('Chinese Spring* - 5. montanum). L'analyse FISH a 
permis de localiser precisement le point de translocation et d'identifier les segments transferes du 
seigle. L'utilite de ce type d'analyse est discut^e. 

Mots cles : Secale cereale, Secale montanum, seigle, ADN repete, hybridation in situ par fluorescence. 
[Traduit par la Redaction] 



Introduction 

The use of in situ hybridization in conjunction with biotin- 
labelled probes allows the identification of individual chromo- 
somes in plant species by the physical mapping of defined 



sequences. The first use of this technique for mapping 
plant chromosomes was made in wheat using a repeated 
DNA sequence from rye (Rayburn and Gill 1985). Since 
then, fluorescent in situ hybridization (FISH) analysis using 
biotin-labelled DNA probes with repeated sequences has 
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been widely used for chromosome and genome identification 
in wheat and its relatives (Ray burn and Gill 1987; Lapitan 
et al. 1987; Mclntyre et al. 1990; Mukai et al. 1990, 1991, 
1993fc; Friebe et al. 1991). 

Since a probe can be labelled with a variety of different 
haptens, it is now possible to detect two or more DNA 
sequences in plant chromosomes using mixed FISH (Leitch 
et al. 1991). In this way Mukai et al. (1993Z?) identified 
the somatic chromosomes of the wheat Triticum aestivum. 
A similar characterization has been recently carried out 
by Cuadrado and Jouve (1994) in rye chromosomes of 
hexaploid triticale. 

The localization and identification of translocated chro- 
mosome segments introduced into wheat from other species 
is a further use of FISH techniques. Here, it is necessary to 
use probes that give species-specific hybridization patterns. 
It is possible to identify alien chromatin, introduced by 
crossing or other methods, using specific DNA sequences 
or total genomic DNA from the donor partner as probes 
(Lapitan et al. 1986; Rayburn and Gill 1987; Le et al. 1989; 
Heslop-Harrison et al. 1990; Mukai and Gill 1991; Guidet 
et al. 1991; Schwarzacher et al. 1992; Mukai et al. 1993a). 

In this paper, in situ hybridization of Secale montanum 
chromosomes with three different highly repetitive DNA 
sequences from Secale cereale is discussed. The charac- 
terization of the chromosomes of S. montanum by their in 
situ patterns provides a new and useful way to compare 
the karyotypes of rye and other species. It also provides 
a new means of identifying chromosome regions involved 
in several spontaneous translocations found in addition 
lines of T. aestivum cv. Chinese Spring with introduced 
S. montanum chromosomes. 

Materials and methods 

Plant materials 

The plant material used in this investigation included one 
sample of 5. montanum Guss. {In = 14; genome R m R m ) 
from the working collection of the Genetics Unit of the 
University of Alcala" de Henares and segregant specimens of 
T. aestivum L. cv. Chinese Spring (2n - 6x - 42; genomes 
AABBDD) with two structural terminal translocations from 
S. montanum of different lengths on the 5BS arm of wheat. 
The 5B-translocated segments from S. montanum appeared 
spontaneously in the progeny of the T. aestivum cv. Chinese 
Spring telocentric 5R m addition line. 

DNA probes 

Genomic DNA was isolated from leaves of the rye S. cereale 
L. cv. Petkus. The probes employed in FISH analyses 
included pScll9.2, pSc74, and pSc34 containing, respec- 
tively, the highly repeated DNA sequences of 120, 350-480, 
and 610 base pairs (bp) derived from 5. cereale (Bedbrook 
et al. 1980; Jones and Flavell 1982a; Mclntyre et al. 1990). 
Two different rDNA probes were also used, pTa71, con- 
taining the 18S, 5.8S, and 26S ribosomal sequences, and 
pTa794, containing the 5S ribosomal sequence (Gerlach 
and Bedbrook 1979; Gerlach and Dyer 1980). 

Chromosome preparation, FISH, and C-banding 

Chromosomes were prepared by squashing enzyme-softened 
root tips following pretreatment in ice water and fixation in 



ethanol (99%) - glacial acetic acid (3:1). After removal 
of the cover slip and subsequent RNase treatment, slides 
were fixed in 4% (w/v) paraformaldehyde, dehydrated in a 
graded ethanol series, and air-dried. The in situ hybridiza- 
tion was carried out using standard methods with a 
hybridization stringency of 85%. 

The plasmid clones pSc34, pScl 19.2, and pTa794 were 
amplified and labelled with digoxigenin- 1 1 -dUTP 
(Boehringer Mannheim) using the polymerase chain reaction 
(PCR). Clone pSc74 was labelled with rhodamine and 
amplified using PCR. Finally, the plasmid clone pTa71 
and rye total DNA were labelled with rhodamine-4-dUTP 
(Amersham) by nick translation using the BioNick Labelling 
System (Gibco BRL). Chromosome and probe denaturation 
and in situ hybridization steps were carried out as described 
by Heslop-Harrison et al. (1991) and, more recently, 
Cuadrado and Jouve (1994). 

Chromosome preparations were denatured prior to in 
situ hybridization using a programmable thermal cycler 
(PT-100, M.-J. Research Inc.). Simultaneous hybridization 
(with the probes added just prior to use) and reprobing 
were then carried out. After the last hybridization process, 
the cover slip was removed and the slides were immersed 
in ethanol (99%) - glacial acetic acid (3:1) for 60 min. 
The slides were then dehydrated in absolute alcohol for 
about 60 min and air-dried overnight, following the 
C-banding technique of Lukaszewski and Gustafson (1983). 

Results and discussion 

Karyotyping of S. montanum chromosomes by FISH 

The different DNA probes labelled each S. montanum chro- 
mosome differently. The in situ hybridization sites and 
corresponding C-banding pattern of each chromosome are 
given in Fig. 1. The C-banding patterns of chromosomes in 
various samples of S. montanum were previously reported 
by Gustafson et al. (1976), who observed that banding of 
all seven chromosomes was fairly constant from one spec- 
imen to another. Further, these chromosomes were easily 
identifiable and could be distinguished by C-banding pattern 
from the seven S. cereale chromosomes. 

In the discussion of the individual 5. montanum chromo- 
somes that follows, in situ hybridization and C-banding 
patterns are considered together and compared with the 
C-banding results of Gustafson et al. (1976) for 5. montanum 
and our own results for different S. cereale lines (Cuadrado 
and Jouve 1994; A. Cuadrado, unpublished data). The 
chromosome designations of Gustafson et al. (1976) are 
given in single quotes in parentheses. 

Chromosome lR m ('A') 

This is a submetacentric chromosome carrying a satellite 
chromosome with a moderately weak terminal block of 
heterochromatin on its long arm. A small C-band occupies 
a position halfway along the length of the long arm and 
the short arm presents a prominent terminal band adjacent 
to the satellite (Fig. 2j). The telomeric heterochromatin 
shows some variation in size between homologous chromo- 
somes within and between different plants. 

Both telomeres show a complex organization formed 
by two or more repetitive sequences. There are a maximum 



Cuadrado and Jouve 



797 



Fig. 1. The physical maps of S. montanum: C-banding (left) and FISH to 120, 480, and 610 bp 
DNA repetitive families of rye (right). 
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of five hybridization sites with the probe pScl 1 9.2: the 
first at the proximal end of the satellite, the second near the 
NOR region, the third and fourth variably present at inter- 
stitial sites on the long arm, and the fifth at the distal end 
of the long arm. Probes pSc74 and pSc34 hybridize to 
both telomeres of IR. The 5S rDNA locus was found near 
the satellite, close to the NOR region, after hybridization 
with the probe pTa794 (Fig. 2c). Finally, the probe pTa7l 
hybridizes with the NOR site. The hybridization pattern 
of IR of S. montanum is very similar to that of S. cereale 
with only minor quantitative differences in the pSc74 site. 

Chromosome 2R m CO 

This is the largest chromosome of the karyotype. It is 
metacentric to submetacentric and has obvious terminal 
bands on both arms. The long arm generally shows a band 
occupying a proximal position V3-V2 the distance towards the 
end of the arm. pScll9.2 is present in both telomeres. It 
hybridizes weakly at a site close to the large telomeric 
site of pSc74 and at another site distal to, or within, the 
telomeric block of pSc74 in both telomeres (Figs. 2e and 
2/). Variation in the distribution of the 480 bp DNA repet- 
itive sequence was detected between homologous chromo- 
somes of the same cell. An intercalary hybridization site of 
pScl 1 9.2 is observed occupying the same position as the 
interstitial C-band. Occasionally pSc34 hybridizes to the 
telomere 2R m S (Fig. 2b). 

The in situ hybridization results suggest that chromo- 
some 2R m of S. montanum corresponds to the chromosome 
designated *G* by Gustafson et al. (1 976) and not 4 B\ as 
was suggested by these authors. The possible misclassifi- 
cation of this chromosome is inferred from two pieces of 
evidence: (/) though both chromosomes are almost meta- 



centric, *G' is bigger than *B* (as 2R is bigger than 4R/7R) 
and (») the pattern of repetitive DNA of 2R in this inves- 
tigation matches the C-banding pattern of l G' better than 
it does that of *B\ This is in agreement with the observed 
distribution of the hybridization sites of pScl 1 9. 2 

Chromosome 3R m ('C) 

This is a metacentric to submetacentric chromosome that 
shows thin heterochromatic bands in both telomeres. It 
only shows telomeric hybridization sites for the probes 
pScl 19.2 (both arms) and pSc74 (a weak signal at the 
proximal telomeric position in the short arm). The probe 
pSc34 does not hybridize to this chromosome (Figs. 2k-2j). 

Chromosome 4R" 1 ('D') 

This is a submetacentric chromosome with a characteristic 
terminal band in the short arm. The long arm consists of 
two weak interstitial bands with the most characteristic 
band being located approximately V3-V2 the length of the 
arm away from the centromere. The probe pSc74 hybridizes 
at a major interstitial site near the telomere of the long 
arm. The probe pSc34 exhibits polymorphic hybridization 
in the telomere of the short arm (Figs. 2b and 2/). On the 
other hand, pScl!9.2 shows two readily visible sites in 
the long arm in the same positions as C-bands. The first of 
these two sites is terminal and the other is interstitial lying 
'/3 the length of the arm away from the centromere. 

The hybridization and C-banding patterns of chromo- 
some 4R of 5. montanum are very similar to those exhibited 
by its counterpart in 5. cereale. The site of hybridization 
with pSc74, close to the telomere in 4R m L, corresponds 
well to the position of the interstitial C-band found in both 
species (Figs. 2a and 2h). 
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Fig. 2. Multicolor results of the in situ hybridization to localize the sites for different DNA probes, (a-i) Metaphase plates from 
5. montanum, (a, b y c) The same cell after hybridization to pSc74 (a), pSc34 (b), and pTa794 (c). Note the variation in the 
intensity of the signal between homologues in the telomeres of 2RS. In a the arrows show the sites for the pSc74 in 6RS, in b 
they show the polymorphic telomere 4RS, and in c they show the rDNA 5S sites in IR and 5R. (d, e) The same cell 
counterstained with DAPI (e), and showing the sites for the probe pScl 19.2 (green) (d). (f-i) The same metaphase showing 
DAPI counterstaining (/) and the hybridization sites for probes pSc74 (red) (#), pSc!19.2 (green) (#), pSc34 (red) (h), 
pScl 19.2 (green) (/i), and pSc34 (red) against DAPI (0- The arrows in i show the polymorphism for the telomere IRS. 
(j-p) Genomic FISH to detect the chromatin of S. montanum in the wheat background of the translocated line T, aestivum - S. 
montanum, in interphase (j.k) and metaphase (l-p) cells, (l-p) A partial metaphase showing both types of grafted chromosomes 
present in a heterozygous plant. The photographs show simultaneous visualization of hybridization to rhodamine-labelled total 
DNA from rye against DAPI (/), FISH using pScl 19.2 (m), FISH using pSc74 and pTa794 simultaneously (n), FISH using 
pTa794 (o), and DAPI (p). The reddish to red colours correspond to rhodamine-labelled probes. The yellow-green colours 
correspond to digoxigenin-labelled probes. The single and double arrows indicate, respectively, the single and duplicated signals 
on the primary and secondary grafted segments. 



Chromosome 5R m ('E') 

This is the most subterminal of the seven chromosomes. 
It has a terminal C-band in the short arm. The long arm 
contains three characteristic C-bands occupying positions 
that are ] M the length of the arm away from the centromere, 
interstitial, and telomeric. This chromosome shows in situ 
hybridization with the probes pScl 19.2 and pSc74 and has 
a distribution pattern similar to that of chromosome 4R 
(Fig. 2e), However, both chromosomes can be distinguished, 
since they have different morphology. Probe pSc34 
hybridizes at a distal position in the short arm (Figs. 2b 
and 2j). Probe pTa794 hybridizes at a subtelomeric site 
in the short arm at the same position as in S. cereale 
(Fig. 2c). 

Chromosome 6R m (*F*) 

This is a submetacentric chromosome with a terminal 
C-band on the short arm and a series of interstitial bands 
on the long arm. The pSc74 probe hybridizes at a major 
interstitial site near the telomere of the short arm and at a 
subtelomeric site on the long arm that shows variations 
in size between homologous chromosomes within and 
between different plants (Figs. 2a and 2h). Probe pSc34 
hybridizes at a telomeric position in the short arm. The 
major site is found in the distal end of the long arm. The 
120 bp sequence detected by pSc!19.2 is clustered at 
3-4 hybridization sites in 6R m L. The same arm shows a 
further two interstitial sites '/4 and */3 the length of the 
arm away from the centromere. A minor polymorphic 
interstitial site is seen in the middle of the short arm 
(Figs. 2e and 2i). This chromosome is very similar in exter- 
nal morphology to 6R of S. cereale. The main difference 
between these species is the interstitial bands. Chromosome 
6R m shows a subtelomeric hybridization site for the 480 bp 
repetitive family in the short arm. However, this is found 
in the long arm in cultivated rye. The results obtained with 
this probe agree with the existence of a pericentromeric 
inversion that differentiates 6R m and 6R (Devos et al. 
1993). 

Chromosome 7R m ( A B') 

This is a metacentric to submetacentric chromosome. It 
presents a prominent terminal heterochromatic block on 
the long arm and a less important C-band in the telomere 
of the short arm. It occasionally shows a thin band halfway 



along the length of the short arm. A major telomeric 
hybridization site and three interstitial sites for the probe 
pSclI9.2 were observed on the short arm. Moreover, it 
also hybridizes forming two doublets, the first at a position 
V2-V3 of the way towards the end of the long arm and the 
second at a subtelomeric position in the same arm. The 
repetitive family of 480 bp is found in both telomeres dis- 
tal to the 120 bp repetitive family. The hybridization region 
for pSc74 is larger in the telomere of the long arm than 
in the short arm. A subtelomeric hybridization site for 
pSc74 is seen to lie within the subtelomeric doublet of 
pScl 19.2 in the long arm. The probe pSc34 hybridizes 
with the telomere of the short arm between the sites of 
the 120 bp and 480 bp repetitive family of sequences 
(Figs. 2b and 2j), 

The short arm of chromosome 7R m has a similar 
hybridization pattern to that of 7R of S. cereale. However, 
the long arms are clearly different owing to the large telom- 
eric hybridization region observed in 7R m . 

Comparison of the FISH karyotypes of S. cereale and 
S. montanum 

The simultaneous use of multiple targets in a single 
hybridization experiment permits the physical mapping of 
various DNA sequences along chromosomes. Using a com- 
bination of two different repetitive DNA sequences, it is 
possible to identify all chromosomes of both species. The 
results demonstrate that the physical locations of the repet- 
itive DNA families of 120, 480, and 610 bp are rather 
similar to those of the chromosome of S. montanum and 
S. cereale. Most of the differences are quantitative rather 
than qualitative; differences in intensity in hybridization 
sites are usual within and between homologous chromo- 
somes in open pollinated rye lines (N. Jouve, unpublished 
data). The main qualitative difference is the location of 
the 610 and 480 bp families: these are rarely combined in 
the same telomeres in S, montanum, a situation that is usu- 
ally found in S, cereale. 

Jones and Flavell ( 1 9826) reported that both species 
have the same complement of repetitive DNA sequences but 
that they differed significantly in the amount of telomeric 
610 bp repetitive sequences and in the pattern of distribution 
of the 480 bp repetitive sequences along the chromosomes. 
The results of this investigation demonstrate a similar dis- 
tribution for the 120 bp repetitive family in most of the 
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Fig. 3. A scheme showing the possible origin of the grafted regions of 
chromosome 7R m of 5. montanum as putative donor in the line T. aestivum cv. 
Chinese Spring. 5B pe is the primary grafted segment on chromosome 5B. 5B sg is 
the secondary grafted segment on chromosome 5B. 
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telomeric and interstitial sites in chromosomes of both 
species. Differences in the distribution of hybridization 
sites for the pScl 19.2 probe in both species were limited to 
chromosome arms 2RS, 2RL, and 7RL. 

The 610 bp repetitive sequence hybridized exclusively 
to the telomeres, predominantly to the telomeric regions 
of chromosome arms IRS, 1RL, 4RS, 5RS, 6RS, and 7RS. 
However, this sequence was not always seen in the IRS 
arm of either species. It was almost always absent in the 
most prominent heterochromatic blocks of telomeres 2RS 
and was always absent in 2RL and 7RL in S. montanum. 
Jones and Flavell (19826) reported a major difference in the 
hybridization responses of these species to the probe pSc34 
(610 bp), hybridization being clearly more intense in 
S. cereale. This agrees well with the results of this inves- 
tigation. However, no generalization can be made, since 
very weak in situ hybridization with the probe pSc34 was 
seen in other rye lines. 

Finally, the use of the probe pSc74 to detect the distri- 
bution of the 480-bp sequence demonstrated its presence in 
almost all arms. Interestingly, interstitial hybridization 
sites are found in the short arm of 6R in S. montanum and 
in the long arm in S. cereale (Jones and Flavell 1982a; 
Lapitan et al. 1987; Mukai et al. 1992; Cuadrado and Jouve 
1994). Thus, the family sequence of 480 bp hybridizes in 
a subtelomeric region of the short arm in S. montanum 
and in a position V2-V3 the length of the long arm distal to 
the centromere in 5. cereale. Moreover, there are other 
interstitial hybridization sites for the probe pScl 19.2. These 



occur between the positions of pSc74 and the centromere 
of 6RS (1 site) and between the positions of pSc74 and 
the centromere of 6RL (two sites) in both species. Other 
important differences were found when comparing the dis- 
tribution of interstitial hybridization sites in chromosome 
arms 2RL and 7RL. 

Translocations are thought to have played an important 
role in the evolution of the genus Secale (Stutz 1972). Van 
Heemert and Sybenga (1972) reported that the genomes 
of S. cereale and S. montanum differed by at least two 
interchanges involving chromosomes 2R, 6R, and 7R. This 
is in agreement with observations made of the same 
chromosomes in this work. The most important differences 
lie in the in situ patterns produced by probes pScl 19.2, 
pSc74, and pSc34. Thus, 2RS, 2RL, 6RS, 6RL, and 7RS 
must have played an important role in these interchanges. 

Shewry et al. (1985) located Sec2 genes on chromo- 
some 6R m of S. montanum and concluded that there was a 
translocation between 2R and 6R in S. cereale relative to 
5. montanum (and probably to wheat, where homologous 
genes are located on 6AS, 6BS, and 6DS of wheat). This 
has been presented as evidence to explain a translocation 
between part of the short arm of a group 2 chromosome 
and part of the short arm of a group 6 chromosome (Devos 
et al. 1993). These results, which show an interstitial 
hybridization site for the probe pSc74 in 6R m on opposite 
arms in the two species, support the possible occurrence of 
a pericentric inversion during the evolution of S. montanum 
to S. cereale, as suggested by Devos et al. (1993). 
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Introgression in T. aestivum cv. Chinese Spring - 
5. montanum addition lines 

Montero et al. (1986) reported the existence of a spontaneous 
translocation in a 'Chinese Spring' - S. montanum 
wheat-rye telocentric 5R m S addition line. The homozygous 
translocated plants that resulted had a level of pairing as low 
as that caused by the deficiency of 5BS. This led to the 
assumption that the terminal region containing the system 
that regulates pairing in 5BS had been deleted. The translo- 
cation appeared spontaneously in this aneuploid line and it 
was assumed that the terminal segment of 5B had been 
replaced by a short terminal region of a chromosome from 
S. montanum. Since this spontaneous chromosome aberration 
appeared in a sample of the "Chinese Spring'-ditelo-SR"^ 
addition line, a terminal translocation from this arm in 
5BS was thought to have occurred. C-banding did not 
facilitate the identification of telomeric regions of rye 
chromosomes, therefore neither the precise position of the 
breakpoint nor the S. montanum translocated region could 
be identified. 

A method that identifies and explains the origin of the 
translocated region is required. Results from genomic FISH 
may provide the solution. During investigation of the chro- 
mosomal constitution of plants from the above mentioned 
line, many plants were seen to have lost the 5R m S telo- 
centric addition. Others conserved one or both added arms. 
Moreover, two domains of labelled chromatin were observed 
in interphase nuclei in these plants when using genomic 
in situ hybridization with interphase nuclei (Fig. 2f). This 
method is very convenient for screening and initial char- 
acterization of segregant plant material or recombinant 
lines that contain alien chromosome segments. 

As well as identifying plants carrying translocated 
regions from S. montanum, attempts were made to identify 
the chromosome that donated the alien segment. Repetitive 
DNA sequences present in the translocated segment were 
studied in metaphase cells using different fluorescent labels 
for each DNA sequence. Surprisingly, the results show the 
presence of two chromosomal segments of different size 
from S. montanum. Both were grafted at distal position in 
chromosome arm 5BS and differed in size and in the dis- 
tribution of their repetitive DNA. 

Chromosome 5B can easily be identified by using its 
hybridization patterns for the DNA probes pScll9.2 and 
pTa794 as characterizing features (Rayburn and Gill 1985; 
Dvorak et al. 1989; Mukai et al. 19936). The results of 
this investigation demonstrate that simultaneous and (or) 
successive FISH with the probes pScl 19.2, pSc74, pSc34, 
and pTa794 and rye genomic DNA are also very useful in 
distinguishing the 5. montanum chromosomes. Presumably 
the larger grafted segment came about as a result of a 
breakage in the chromosome* so that the first segment was 
retranslocated carrying an extra piece of chromatin. In the 
results discussed below, the original grafted segment is 
referred to as the primary segment and the retranslocated 
larger segment is referred to as the secondary segment. 

Primary grafted segment 

The alien segment from S. montanum was found in a distal 
position of the short arm of the wheat chromosome 5B. 



The short arm of the translocated chromosome exhibits: 
(0 wheat chromatin, including one proximal site for 
pSc 119.2 (120 bp) followed by the signal for pTa794 (5S 
rDNA), and (//) one site corresponding to pScl 19.2 followed 
by an important block of the repetitive family of 480 bp 
(pSc74) just following the breakpoint. Neither of these 
DNA families (120 and 480 bp) are characteristic of the 
telomeres of chromosome 5R m . Further, the added region 
does not show any hybridization to pTa794. All these 
results point out that the translocated region does not cor- 
respond to telomeric segments from 5R m but to another 
chromosome. Only the chromosome arms 2R m S, 2R m L, 
and 7R m L present the tandem formed by the 120-480 bp 
repetitive family sequences in a distal position. 
Consequently, these chromosomes are the putative donors 
of these translocated segments (Figs. 2m~2q). 

Secondary grafted segment 

In some plants, another translocated structure affecting the 
same chromosome was found. In this case, the grafted seg- 
ment from S. montanum was larger than that mentioned 
above and was interspersed amongst wheat chromatin 
(Figs. 2m and 2o), as demonstrated by genomic in situ 
hybridization. Mapping the DNA sequences in the extra 
segment showed the following regions (from nearest to 
the centromere towards the distal end of the chromosome): 
(O wheat chromatin, including one proximal site for 
pSc 119.2 (120 bp) followed by the signal for pTa794 (5S 
rDNA), (//) a wide hybridization site for pSc74 (480 bp) 
flanked by the signal for pScl 19.2 (120 bp) that was 
approximately twice as long as that observed in the distal 
end of the primary grafted segment, a second tandem 
formed by pTa794 followed by the signal for pSc 119.2, 
and (iv) a short segment of wheat chromatin. 

The terminal region of the secondary larger grafted seg- 
ment seems to be an inverted region of the proximal region. 
Moreover, the proximal half of the secondary grafted seg- 
ment looks similar to the primary grafted segment 
(Figs. 2m-2p). The most feasible explanation of this is 
illustrated in Fig. 3. It is assumed that the distal half of 
the secondary grafted region represents a reversed dupli- 
cation of the proximal half. This could be the result of a 
previous process with formation of dicentric chromosomes 
or chromatids followed by the breakage of the dicentric 
bridge between the cell poles during anaphase of meiosis 
and (or) mitosis. 

It is of interest to note that plants structurally homozy- 
gous for either translocated structure were relatively stable 
compared with original wheat - 5. montanum addition 
lines. The rye-wheat translocation could be important as 
basic material for alien introgression into wheat. 
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Fukui, K., Kamisugi, Y., and Sakai, F. 1994. Physical mapping of 5S rDNA loci by direct-cloned biotinylated 
probes in barley chromosomes. Genome, 37: 105-111. 

5S rDNA loci have been mapped on barley chromosomes by in situ hybridization using five reciprocal translocation 
lines. Two kinds of DNA probes covering either the 5S rDNA coding region or the 5S rDNA coding and flanking 
noncoding regions were used. They were prepared by direct cloning from interphase nuclei and simultaneous direct 
labeling in PCR. Four 5S rDNA loci were detected in a haploid genome by the 5S rDNA coding region, whereas in 
addition, the four or six 5S rDNA related sites, depending on the variety used, were revealed by the probe covering 
the flanking region. The four 5S rDNA loci revealed and mapped on the barley chromosomes: 2 (21), 3 (31), 1 (71), 
and 4 (41) were designated 5SRrn-IJ, 5SRrn-I2 t 5SRrn-I3 and 5SRrn-J4, respectively, in descending order of copy 
number of 5S rRNA genes. 

Key words: Hordeum vulgare, 5S rDNA, in situ hybridization, direct cloning, direct labeling. 

Fukui, K., Kamisugi, Y, et Sakai, F. 1994, Physical mapping of 5S rDNA loci by direct-cloned biotinylated 
probes in barley chromosomes. Genome, 37 : 105-1 1 1 . 

Des locus d'ADNr de 5S ont ete cartographies sur des chromosomes d'orge par hybridation in situ, utilisant cinq 
lignees de translocations rdciproques. Deux sortes de sondes d'ADN ont ete utilisees : celles couvrant la rdgion 
codant l'ADNr de 5S ou celles couvrant la region codant TADNr de 5S et les regions non codantes de flancs. Ces 
sondes ont 6t6 preparees par clonage direct de noyaux en interphase et par le marquage direct simultane dans les reac- 
tions de polymerisation en chaTne. Quatre locus d'ADNr de 5S ont 6t6 detectes dans un genome haploYde par la 
region codant TADNr de 5S alors qu'en plus, par la sonde couvrant les regions de flancs, quatre ou six sites relics 
a TADNr de 5S ont ete r6v61£s, selon les variete's. Les quatre locus d'ADNr de 5S r€v€\6s et cartographies sur les 
chromosomes de Torge : 2 (21), 3 (31), I (71), et 4 (41) ont £te respectivement designes 5SRrn-/J y 5SRrn-l2, 5SRrn-/3, 
et 5SRrn~I4, d'apres I'ordre decroissant du nombre de copies des genes d'ADNr de 5S. 

Mots cles : Hordeum vulgare, ADNr de 5S, hybridation in situ, clonage direct, marquage direct. 

(Traduit par la redaction] 
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Introduction 

The 18S, 5.8S, and 26S ribosomal RNA genes (rDNA) 
have been studied extensively since the earliest days of mol- 
ecular cytology, as they exist in large copy number within the 
genome (Ingle et al. 1975; Appels et al. 1980; Saghai-Maroof 
et al. 1984). Numerous reports of in situ hybridization (ISH) 
using rRNA or rDNA probes on barley (Appels et al. 1980), 
wheat (Appels et al. 1980), and rice (Fukui et al. 1987c; 
Fukui 1990; Iijima et al. 1991) have been made. 

For the 5S ribosomal RNA genes (5S rDNA) several 
reports estimated the number of sites and presented the 
DNA sequences, including noncoding spacer regions (Gerlach 
and Dyer 1980; Mascia et al. 1981; Vanderberghe et al. 
1984; Scoles et al. 1988; Gottlob-McHugh et al. 1990; 
Lapitan 1992). There is, however, only limited information 
on the location of the 5S rDNA loci on the chromosomes. 
Mukai et al. (1990) physically mapped six 5S rDNA loci 
on wheat chromosomes in conjunction with deletion mapping. 
One and two 5S rDNA loci have been detected in tomato 
(Lapitan et al. 1991) and rye (Reddy and Appels 1989), 
respectively. 

The difficulty of the exact mapping of 5S rDNA loci lies 
in the fact that the size of a 5S rDNA array within a locus 
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is much smaller than that of an 18S-5.8S-26S rDNA array. 
Thus more sensitive ISH is required to detect the 5S rDNA 
locus (e.g., Appels et al. 1980). Moreover, in the case of 
barley, identifying each chromosome among chromosomes 1 
to 5 has proved to be impossible, even by computer imaging 
technology, without applying banding methods (Fukui et al. 
19876). Kolchinsky et al. (1990), thus, used wheat-barley 
chromosome addition lines in ISH and concluded that only 
one chromosome possessed a 5S rDNA locus. 

We report here the results of physical mapping of 5S 
rDNA loci in barley chromosomes using biotinylated probes 
prepared by newly developed methods of sequential appli- 
cation of microdissection (Fukui et al. 1991, 1992; Kamisugi 
et al. 1993), direct cloning, and direct labeling. Two kinds of 
probes containing either the 5S rDNA coding region or the 
coding region with a flanking noncoding region revealed 
four 5S rDNA loci in four barley chromosomes and four or 
six 5S rDNA related sites. 

Materials and methods 

Plant material and chromosome sample preparation 

The two barley (Hordeum vulgare L. 2n = 14) varieties of 
'New Golden' and 'Chikurin Ibaraki No. P (CI- 1 ) were used. 
Five reciprocal translocation lines, TS8 (4L, 7L), TS17 (2L, 
4L), TS36 (2L, 5L), TS42 (IS, 4L), and TS45 (2L, 3L), derived 
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Fig. I. Amplification of 5S rDNA sequences by the direct 
cloning method. Lanes l, 2, and 3 correspond to treatments with 
approximately 100, 10, and 1 nuclei on a disk in the PCR reaction 
mixture with the primer set A. Lane 4 is the negative control 
where a disk without any nucleus was included in the PCR solu- 
tion. Cycle number was 60 for lanes 1-4. M shows the molecular 
size markers >JHindUl and <J>X174/////icII. 

from CM (Makino 1987, 1988) were used to localize 5S rDNA 
loci. The numbers indicate the chromosome numbers and the 
letters S and L indicate the short and long arms, respectively, 
participating in the reciprocal translocation. 

Chromosome samples were prepared by the method described 
previously (Fukui et al. 1992) with minor modifications. Root 
tips 1-2 cm in length were excised and fixed in methanol - 
acetic acid (3:1). They were macerated with an enzymatic mix- 
ture and were spread over a tinted polyester membrane laid over 
the surface on the bottom of a 4> 35 mm plastic Petri dish. No 
stain was applied. 

Laser dissection, direct cloning, and direct labeling 

A standard laser dissection method described by Fukui et al. 
(1992) was applied to cut out the disks of the polyester mem- 
brane on which 1, 10, and approximately 100 barley nuclei were 
spread. The disks were placed into microcentrifuge tubes (500 |xL) 
using fine forceps. They were pretreated with proteinase (1 mg/mL 
Proteinase K (Wako Pure Chemicals, Osaka, Japan) with 0.45% 
Tween 20 and Nonidet P-40 (Sigma) in PCR buffer (Perkin Elmer 
Cetus)) at 55°C for 1 h. 

A standard PCR method using a thermal cycler (Perkin Elmer 
Cetus) was carried out according to the manufacturer's instruc- 
tions. Samples were amplified through 30 thermal cycles, each 
cycle consisting of 94°C for 1 min, 55°C for 2 min, and 72°C 
for 2 min. If necessary, PCR products were reamplified for a 
further 30 cycles as detailed below. For the initial 30 cycles, a 
100-uX aliquot reaction mixture containing 2.5 units of Taq poly- 
merase, 0.2 mM DNA substrates with biotin-dUTP, and 1 u,M of 
a primer pair in the PCR buffer was used. For the latter 30 cycles. 
10 |xL of the initial reaction mixture was used adding 90 yiL of the 
fresh reaction mixture. Two pairs of primers with 20 or 21 bases 
were used for the direct cloning and simultaneous direct labeling 
of 5S rDNA. Primer set A (5 ' -G ATCCC ATC AG A ACTCCG A AG- 
3'), (5 ' -CGGTG ATTTAGTGCTGGTAT-3 ' ), and primer set B (5'- 
GGATGCGATCATACCAGCAC-3'), (5 ' -GGG A ATGCA AC AC- 
GAGGACT-3'), corresponded to the 301 -bp coding region and 
flanking spacer regions, and I20-bp coding region, respectively. 
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Fig. 2. Simultaneous amplification and labeling of 5S rDNAs. 
Lanes 1-5 correspond to the substitution percentages of dTTP with 
biotin-dUTP, 100, 90, 70, 50, 0, respectively. M shows the mol- 
ecular size markers \/Hin6\U and 4>Xl74////>icII. The same 
primer set was used. 



For direct labeling with biotin-i 1-dUTP, five different com- 
binations of the dTTP with 0, 50, 70, 90, and 100% substitu- 
tion of biotin-1 1-dUTP were examined (Weier et al. 1990). 

In situ hybridization and image analysis 

Slide preparations were treated with 100 u-g/mL RNase A 
(Sigma) in 2x SSC at 37°C for 1 h. The hybridization mixture 
(4 ng/mL biotin-labeled probe, 50% (v/v) formamide, 10% (w/v) 
dextran sulfate, 500 |xg/mL salmon sperm DNA in 2X SSC) 
was denatured at 85°C for 10 min and a 30-uX aliquot of the 
mixture was applied to chromosome samples previously dena- 
tured in a 70% formamide solution at 70°C for 1 min. Horseradish 
peroxidase complex (0.6%, ENZO biochemicals, New York) was 
applied at 37°C for 30 min. Six hundred microlitres of the mix- 
ture of 0.05% DAB (3,3'-diaminobenzidine, Dojindo Laboratories, 
Kumamoto, Japan) and 0.02% H 2 0 2 in PBS was applied at room 
temperature for 40 min. Finally, the slides were counterstained 
with a 0.5% Giemsa solution (pH 6.8, Merck). The other details 
of the experiments were as described by lijima et al. (1991). 

At least three photographs with clear in situ hybridization 
signals for each variety and translocation line were imported into 
an image analyzer (VIDAS, Zeiss). The centre positions and the 
width of the signals were digitally measured. The signal sites 
were mapped on a quantitative idiogram of barley constructed by 
imaging methods (Fukui and Kakeda 1990). 

Results 

Direct cloning, direct labeling of the 55 rDNA probe 

Figure 1 shows the results of direct cloning of the coding 
sequence using the nuclei on the dissected disks as the tem- 
plate. Although the disk with approximately 100 nuclei pro- 
duced the most obvious band (lane 1), a weaker band was 
observed from a disk with one nucleus (lane 3). No band 
appeared in a negative control of a disk without a nucleus 
(lane 4). 

Figure 2 shows the amplified DNAs under five different 
substitution conditions. Amplification without biotin-dUTP 
substitution produced a distinct band (lane 5). A fairly high 
(70% biotin-dUTP) substitution still yielded clear amplified 
DNA products (lane 3). Therefore, the combination of 30% 
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Fig. 4. In situ hybridizations of two barley varieties with two kinds of probes. (A) ISH between CI- 1 and the probe of the coding 
region. (B) ISH between CI-1 and the probe of both the coding and flanking regions. (C) ISH between 'New Golden' and the probe 
of both the coding and flanking regions. A', B\ and C display the karyograms from the metaphase spreads A, B, and C, respectively. 
Scale bars = 5 p.m. 



dTTP and 70% biotin-dUTP was used for probe production 
throughout the study. 

In situ hybridization and mapping 5S rDNA loci 

Figure 3 shows chromosomes with signals of the five rec- 
iprocal translocation lines by the probe covering both the 
coding and flanking regions. Reciprocal translocation sites 
are indicated by lines between the idiograms of the N-banded 
chromosomes, quantitatively determined by Kakeda (1991). 
Some of the reciprocal translocations strengthened the mor- 
phological features of the chromosomes concerned, such 
that they were more easily identifiable under the micro- 
scope. For example, TS42 has chromosome 4 with the short- 
est long arm among seven chromosomes within a complement. 

Eight pairs of stable signals were observed altogether for 
all the lines. Chromosomes were completely identified by 
their morphology and signal patterns. For example, distinct 
signals appeared in the long arm of chromosomes 2 and 3 of 
TS8, TS42, and TS45, whereas those distinct signals occurred 



on chromosomes 3 and 4 for TS17 and on chromosomes 3 
and 5 for TS36. Different signal patterns owing to recipro- 
cal translocations occurred between the long arms of chromo- 
somes 2 and 4 of TS 1 7 and between the long arm of chromo- 
somes 2 and 5 of TS36. 

Figure 4 shows the results of ISH for the two barley vari- 
eties, 'New Golden' and CI-1, with two probes. Figure 4A 
shows a chromosomal spread of CI-1 with the probe of the 
coding region. Two pairs of distinct and two pairs of weak 
signals were observed on the eight chromosomes. Figure 4B 
shows a chromosomal spread of the same variety hybridized 
with another probe. The number of the signal sites increased 
twofold, although all of the additional signals were weak. 
Eight pairs of signals, two of which were distinct, were 
counted on the 12 chromosomes. Figure 4C displays ISH 
between a chromosomal spread of 'New Golden' and the 
probe covering the coding region and its spacer region. Ten 
pairs of signals were clearly detected on the 12 chromosomes. 
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Figures 4A\ 4B\ and 4C show karyograms arranged in 
order of chromosome number. The top and middle arrays 
show the CI-1 chromosomes with the probe of the coding 
region and with the probe of coding and spacer regions, 
respectively. The bottom array shows ISH between 'New 
Golden' chromosomes and the probe of the coding and 
spacer regions. Although the strength or the density and 
size of signals were different among the chromosomes on 
the middle and bottom arrays, the signal sites and their rel- 
ative strength within the array or the complement were the 
same except for two sites: the terminal site of the satellite of 
chromosome 6 and the proximal site of the short arm of 
chromosome 7, as indicated by the arrowheads. The former 
has never occurred in chromosome 6 of CI-1. The latter 
occasionally occurred at the same site of chromosome 7 of 
CI-1. It was also clear that the signals on the distal region of 
chromosome 3L consisted of middle-sized and weak sig- 
nals (Fig. 4C). 

Figure 5 summarizes the signal sites based on the signal 
pattern that appeared in 'New Golden* chromosomes. Three 
clear and seven weak signals were recorded altogether. Four 
signals were displayed by a double circle in chromosomes 2, 
3, 1, and 4 (descending order of signal strength), indicating 
that those were detected by the probe of the coding region. 
The signal at chromosome 4 was weak, unlike the rest of 
three signals. Accurate ranking of the signal strength among 
the rest of the weaker signals detected by the probe with 
noncoding regions and represented by the solid circles, was 
difficult. 

Chromosome 2 has the strongest signal, occurring at the 
distal region of its long arm. A complex of the second largest 
and weak signals is located at the distal region of chromo- 
some 3L. The third largest signal was observed in the prox- 
imal region of chromosome 2. A weak and the fourth 
strongest signal were seen at the proximal and the distal 
regions of chromosome 4L, respectively. No signal was 
detected in chromosome 5. A weak signal was identified 
both at the terminal region of the satellite and the proxi- 
mal region of chromosome 6L. A weak signal was revealed 
in the respective proximal and distal regions of chromo- 
some 7S and 7L. 

Discussion 

Four 5S rDNA loci were accurately mapped on the four 
barley chromosomes 1, 2, 3, and 4, which correspond to 
homoeologous groups 71, 21, 31, and 41, respectively 
(Jacobsen and von Bothmer 1992). The probe covering both 
the 120-bp coding region and 181 -bp noncoding flanking 
region hybridized to the 10 sites located on six of the 4 New 
Golden* chromosomes: chromosomes 1, 2, 3, 4, 6, and 7. 
Four signals were localized on chromosomes 6 and 7 cor- 
responding to homoeologous groups 61 and 51, respectively. 

After the nomenclature of previous rDNA sites, numbers 
were assigned in the temporal order of discovery (Reddy 
and Appels 1989; Mukai et al. 1990; Leitch and Heslop- 
Harrison 1992). The 5S rDNA loci found in chromosomes 
2L, 3L, IS, and 4L, in descending order of copy number, 
are designated as 55/?m-/7, 5SRrn-I2* 5SRrn-I3, and 5SRrn-I4, 
respectively. The loci that might contain similar DNA 
sequences to the 5S rDNA flanking noncoding regions, 
which occurred in chromosomes 3L, 4L, 6S, 6L, 7S, and 
7L, were named: 5SRsp-II, 5SRsp-I2 f 5SRsp-l3, 5SRsp-I4 y 
5SRSP-I5, and 5SRsp-!6 % respectively. 
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Fig. 5. Mapping of four 5S rDNA loci and the six spacer 
sequences. The double circles, solid circles, and shaded regions 
correspond to the 5S rDNA loci, 5S rDNA spacer sequences, 
and the N-band positive regions, respectively. Allocation of the 
addresses was after Fukui and Kakeda (1990) with minor mod- 
ifications. Values in and out of the parentheses under the idiogram 
indicate the barley chromosomes numbers and homoeologous 
groups. 

In the present study, we report the existence of four 5S 
rDNA loci in barley. These results contrast with the results 
of both Appels et al. (1980) and Kolchinsky et al. (1990) 
who report only one such locus, though the former authors 
did speculate as to the existence of more minor 5S rDNA 
loci. Kolchinsky et al. (1 990) identified one 5S rDNA locus 
on barley chromosome 2. In the present work, the strongest 
signal was observed on chromosome 2L and thus may cor- 
respond to the locus reported by Kolchinsky et al. (1990). In 
this work, however, two medium strength signals of 5SRrn-I2 
and 5SRrn-I3 on chromosomes 3L and IS were detected by 
highly sensitive ISH methods, as was one weak signal of 
5SRrn-I4 on chromosome 4L. 

Dvofdk et al. (1 989) detected two 5S rDNA loci in the 
diploid species of Triticum and Aegilops, with the excep- 
tion of A. speltoides, which showed only one 5S rDNA 
locus. Their results suggested that 5S rDNA may occur on 
C-band positive regions; however, Mukai et al. (1990) 
mapped six 5S rDNA loci on six wheat chromosomes and 
found that 5S rDNA loci did not correspond with any 
C-band positive regions. In the present study, 5S rDNA loci 
were confirmed not to occur on the C-band positive regions 
of barley chromosomes. 

Appels et al. (1980) and Mukai et al. (1990) showed that 
the 5S rDNA loci are linked to 18S-5.8S-26S rDNA loci 
in wheat and rye. However, the results presented have shown 
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1 

GGATGCGATC ATACCAGCAC TAAATCACCG GATCCCATCA GAACTCCGAA 

GTTAAGCGTG CTTGGGTGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA 
120 1 

AGTCCTCGTG TTGCATTCCC CTTTTTAAAT ATATTTTTGC GCCACGTGAC 

AAGGATGACG CGGGAGCGTG ATCTATATGA CCTCATTTTC TTATTTGGGA 

CGATTACTGT GTGACTTTTC CCACCGCGCT TGACACCCAA CGACTAGTAG 

181 

TAGTAGTAGT AGTAGTGTCA AGCATAAGGA ACAAATAGAT AGTTGCATGTC 

Fig. 6. The DNA sequences of 5S rDNA coding region 
(120 bp) and its spacer region (181 bp, underlined). Zero to 
five bases differed from the sequences of Kolchinsky et al. 
(1990) and were observed in both coding and spacer regions. 

that none of the four 5S rDNA sites occur on the same 
chromosome in situ hybridizing to the 18S-5.8S-26S coding 
region probes as Appels et al. (1980) had suggested. 

Six signal sites reacted only to the probe that contained the 
flanking noncoding regions. The DNA homology search of 
the spacer region (181 bp, Fig. 6, over 75% sequence homol- 
ogy) using the EMBL nucleic acid data bank (DNASIS ver- 
sion 7.0, Hitachi Software Engineering Co., Ltd.) revealed 
no similar DNA sequences registered in the data base. It 
may be speculated that the sites are the relics of active loci 
where most of the 5S rDNA sequences have already been 
eliminated or their DNA sequences have already changed 
to a level at which the probe of the coding region could not 
maintain hybridization under the current hybridization and 
(or) washing stringency as suggested for barley rDNA loci 
by Leitch and Heslop-Harrison (1992). In fact, frequent 
duplications and deletions in the 5S rDNA genes and the 
associated spacer regions were reported in the family Triticeae 
(Scoles et al. 1988). 

Two new technologies introduced and developed in this 
study have the following advantages. Firstly, probes for ISH 
were produced by direct cloning and direct labeling methods 
from nuclei. This made probe preparation much easier than 
before. Several interphase or mitotic nuclei prepared by an 
ordinary cytological method (Fukui and Kakeda 1990; Fukui 
and Iijima 1991) are sufficient for the template of the PCR. 
No DNA isolation, purification, or ordinary labeling pro- 
cedures are necessary. 

Secondly, imaging methods (Fukui 1986, 1988) made the 
quantification of the signal information much more accu- 
rate and convenient. By the method reported here, the pre- 
cise positioning of the centre of the signals on the chromo- 
somes could be ascertained without banding methods. 
Although the estimation of copy number of the genes from 
the signal strength still remains crude (Mukai et al. 1988; 
Fukui 1993), it would be more accurate using imaging 
methods in the near future. 

The advantages of ISH in its ability to quantify signal 
strength and work reproducibly with single copy sequences 
will make it an essential tool in biological sciences. 
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Summary. Gene targeting of a chromosomally integrated 
transgene in Arabidopsis thaliana is reported. A chimeric 
gene consisting of the promoter of the 35S RNA of 
CaMV, the polyadenylation signal of the octopine syn- 
thase gene and the coding region of the bacterial hygro- 
mycin phosphotransferase gene (hpt), which was ren- 
dered non-functional by deletion of 19 bp, was intro- 
duced into the genome of A. thaliana using Agrobacter- 
i'ww-mediated gene transfer. A total of 3.46 x 10 8 proto- 
plasts isolated from 17 independent transgenic Arabidop- 
sis lines harbouring the defective chimeric hpt gene were 
transformed via direct gene transfer using various DNA 
forms containing only the intact coding region of the 
hpt gene. Out of 150 hygromycin-resistant colonies ap- 
pearing in the course of these experiments, four were 
the result of targeted recombination of the incoming 
DNA with the defective chromosomal locus as revealed 
by PCR and Southern blot analysis. Comparison with 
the number of transformants obtained when an hpt gene 
controlled by a promoter and terminator from the nopa- 
line synthase gene was employed results in a maximal 
ratio of homologous to non-homologous transformation 
in A, thaliana of 1 x 10 _4 \ 

Key words: Arabidopsis thaliana - Homologous recombi- 
nation - Protoplast 



Introduction 

Transformation techniques have been developed for 
many different eucaryotic organisms. With the exception 
of Saccharomyces cerevisiae and certain other fungi, 
DNA introduced into the nucleus appears to integrate 
essentially randomly without the requirement for long 
stretches of homology. In mammalian cells this non- 
homologous or illegitimate recombination occurs 100 to 
100000 times more frequently than homologous recom- 
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bination. However the targeted recombination of incom- 
ing DNA offers obvious advantages such as the intro- 
duction of precise changes into the structure of endoge- 
nous genes thus allowing the analysis of structure-func- 
tion relationships, or the inactivation of endogenous 
genes via insertional disruption, permitting study of the 
biological function of a given gene. 

Whereas impressive progress has been achieved with 
respect to gene targeting of endogenous genes in mam- 
malian systems (Capecchi 1989 b; Rossant and Joyner 
1989) the development of similar techniques for plant 
systems is still at a very early stage. Hence, up to now 
only three reports have appeared describing homologous 
recombination of foreign DNA with chromosomally lo- 
cated cognate DNA in plants. Using direct DNA 
transfer into tobacco protoplasts, Paszkowski etal. 
(1988) were able to repair a defective neomycin phospho- 
transferase (npt II) gene, which was previously intro- 
duced into tobacco plants, at a frequency of 1 xlO" 4 
to 1 xlO" 5 (ratio of homologous to non-homologous 
recombination). The other two reports are of Agrobac- 
rer/ww-mediated gene transfer also into tobacco proto- 
plasts: Lee et al. (1990) reported homologous recombi- 
nation with a mutant acetolactate synthase gene confer- 
ring resistance to the sulfonylurea class of herbicides 
and Offringa et al. (1 990) describe the restoration of a 
defective npt II gene. Again the targeting frequency was 
about 1 x 10~ 4 to 1 x 10" 5 . 

Here we describe experiments aimed at establishing 
techniques allowing gene targeting in a different plant 
species, Arabidopsis thaliana, with its attendant advan- 
tages of a small genome, dense restriction fragment 
length polymorphism (RFLP) map and ease of transfor- 
mation by Agrobacterium or direct gene transfer (for 
review see Meyerowitz 1989). In order to gain insights 
into the frequency of homologous recombination in A. 
thaliana, a defective hygromycin phosphotransferase 
{hpt) gene was first introduced into the genome of A. 
thaliana by Agrobacterium-mediated gene transfer. The 
defective hpt gene was used subsequently as a target for 
homologous recombination by direct gene transfer into 
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protoplasts and selection for putative recombinants via 
their resistance to hygromycin. The experiments de- 
scribed here show that gene targeting in the genome 
of A. thaliana can be achieved with a frequency of 1 x 
10"*. 



Materials and methods 

Construction of the defective hpt gene, the targeting DNA 
and the DNA for control transformation. The coding re- 
gion of the bacterial hygromycin phosphotransferase 
(hpt) gene (Gritz and Davies 1983) is borne on a BarriHI 
fragment in the plasmid pGL2 (Karesch et al. 1991) and 
is controlled by the promoter arid the polyadenylation 
signal of the 35S cauliflower mosaic virus (CaMV) RNA. 
pGL2-encoded hpt was functionally inactivated by a 
19 bp deletion created by digestion with Pstl and Ncol, 
followed by incubation with T4 DNA polymerase in 
the presence of all four nucleotides in order to seal sticky 
ends, and subsequent religation. This modified fragment 
was isolated by BamHl digestion and inserted into the 
BamHl site of the expression cassette Bin AR (Hofgen 
and Willmitzer 1990), thus placing the defective hpt gene 
under the control of the 35S CaMV promoter and the 
polyadenylation signal of the octopine synthase (ocs) 
gene. The plasmid was transformed into A. tumefaciens 
strain GV 2260 using the freeze-thaw method (Hofgen 
and Willmitzer 1988) resulting in the strain 
GV2260 : : pBinAR-HTPA. 

To provide the targeting DNA, the BamHl fragment 
of an intact, wild-type hpt gene (i.e. without the Ncol- 
Pstl deletion) was cloned into the BamHl site of pUC18 
(yielding the plasmid pBhpt) and M13mpl8 (yielding 
the plasmid M13-Bhpt) to enable the isolation of single- 
stranded DNA. The plasmid pNOS-HPT carrying the 
intact coding region of the hpt gene under the control 
of both the promoter and the polyadenylation signal 
of the nopaline synthase (nos) gene was used in control 
transformation experiments. 

Construction of transgenic A. thaliana plants carrying a 
defective hpt gene. Arabidopsis thaliana genotype C24 
was transformed by the Agrobacterium strain 
GV2260::pBinAR-HPTA using cotyledon disc transfor- 
mation as described (Schmidt and Willmitzer 1988). 
Progeny were selected on glucose-containing MS medi- 
um in the presence of 50 |xg/ml kanamycin. 

Gene targeting experiments. Transformation of proto- 
plasts isolated from different transgenic A. thaliana lines 
was performed by polyethylene glycol (PEG)-mediated 
direct gene transfer (Damm et al. 1989). The following 
DNA preparations were used for transformation 
(amounts are given per 0.3 ml transformation aliquots): 
(i) 1.6 jug DNA of the isolated (purified by gel electro- 
phoresis) BamHl fragment of the plasmid pBhpt con- 
taining the intact coding region of the hpt gene; (ii) 
7.5 ng of the plasmid pBhpt after digestion with BamHl 
but without separation of vector and insert; and (iii) 
13 pig of single-stranded DNA of M13-Bhpt plasmid. 



Parallel experiments were performed either in the ab- 
sence or presence of carrier DNA (1 5 jig calf thymus 
DNA). 

In order to estimate the total transformation effi- 
ciency, control transformation experiments were per- 
formed using 7.5 jig undigested DNA from the plasmid 
pNOS-HPT carrying the intact hpt gene under the con- 
trol of the nos promoter. Culture of the protoplasts, 
selection of calli for resistance against hygromycin and 
regeneration of intact Arabidopsis plants was performed 
as described (Damm and Willmitzer 1988; Damm et al, 
1989). 

PCR analysis. Genomic DNA was isolated using the 
cetyl trimethylammonium bromide (CTAB) method of 
Murray and Thompson (1980). Genomic DNA or con- 
trol plasmid (0.5 [ig and 15pg respectively) was sub- 
jected to 35 polymerase chain reaction (PCR) cycles us- 
ing heat-stable Taq polymerase (Saiki et al. 1985) in a 
50 \i\ reaction mixture containing 10% dimethyl sulph- 
oxide, 10 mM TRIS-HC1 (pH 8.3), 50 mM KC1, 4.5 mM 
MgCl 2 , 0.1 % gelatin, 200 |iM each of the deoxyribonuc- 
leotide triphosphates (dATP, dCTP, dGTP, dTTP), and 
0.5 \iM of each primer. Samples were overlaid with sev- 
eral drops of paraffin to prevent evaporation. In an auto- 
matic temperature-shift apparatus (Perkin Elmer, Ce- 
tus), samples were initially heated to 94° C for 2 min 
and in all following cycles to 92° C for 1 min to denature 
the template, cooled to 60° C for 1 min to anneal the- 
primer and heated to 70° C for 5 min to activate the 
polymerase. The last cycle was extended by 3 min to 
ensure completion of all products. The polymerase activ- 
ity was stopped by cooling down to 25° C. Aliquots of 
10 |il of the reaction mix were electrophoresed in 1% 
agarose gels. Further DNA manipulations and DNA 
blotting and hybridization techniques were as described 
(Sambrook et al. 1989; Willmitzer et al. 1982). 



Results 

General strategy and creation 

of transgenic A. thaliana plants containing 

a defective hygromycin phosphotransferase gene 

We decided to set up a system which would allow the 
recognition of gene targeting events by the expression 
of a dominant selectable marker gene in A. thaliana. 
As hygromycin resistance is the most reliable marker 
in A. thaliana (Schmidt and Willmitzer 1988), a chimeric 
gene consisting of the promoter of the 35S CaMV RNA, 
the polyadenylation signal of the octopine synthase (ocs) 
gene and the coding region of the bacterial (hpt) gene 
was introduced into A. thaliana plants using Agrobacter- 
/«m-mediated transformation. The rationale was to keep 
this hpt gene non-functional and thus supply a chromo- 
somally located target for the homologous recombina- 
tion experiments. Therefore the coding region of the hpt 
gene was modified by introducing a 19 bp deletion, as 
shown in Fig. 1, resulting in a frame-shift and a prema- 
ture stop codon in the translated region. The reason 
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Fig. 1. Structure of the target for homologous recombination, and 
targeting strategy. The bacterial hpt gene controlled by the plant 
viral 35S promoter and terminated by the ocs polyadenylation sig- 
nal was functionally inactivated by a 19 bp deletion, and the chi- 
meric construct was transferred to Arabidopsis thaliana. Different 
transgenic lines harbouring one to several copies of the defective 
hpt gene were used as recipients for gene targeting experiments. 
Targeting DNA containing the intact promoterless coding region 
of hpt was used to transform different recipient lines by direct 
gene transfer. Correction of the defective gene by targeted recombi- 
nation results in hygromycin-resistant material 



for introducing a 19 bp deletion into the coding region 
was to keep the modification of the target gene rather 
small, with the intention that this might result in in- 
creased frequencies of gene targeting events (Zimmer 
and Gruss 1989). Arabidopsis plants containing this con- 
struct were fully sensitive to hygromycin under all condi- 
tions tested. 

For gene targeting experiments, various DNA sources 
containing the intact coding region of the hpt gene with 
neither a promoter nor a polyadenylation signal were 
used. As the result of a successful targeted recombina- 
tion, it was expected that the incoming DNA containing 
the intact coding region would recombine with the chro- 
mosomally located defective hpt gene and thus result 
in the restoration of a fully functional hpt gene where 
the coding region of the hygromycin gene would be 
under the control of the 35S promoter and the ocs ter- 
minator. In this respect it is important to stress that 
this specific gene (i.e. consisting of the 35S promoter, 
an intact hpt coding region and the ocs terminator) had 
never previously been assembled in vitro in our laborato- 
ry. The possibility is thus excluded that the presence 
of such a gene in transgenic Arabidopsis lines could be 
due to trace contaminations, which is a potentially ser- 
ious problem especially considering the rather low fre- 
quencies of gene targeting observed in plants. 



Gene targeting experiments led to a total 
of 150 hygromycin-resistant calli out 
of 3,46 x 10 s protoplasts 

A series of gene targeting experiments was performed 
aiming at the repair of the chromosomally integrated, 
defective hpt gene with DNA introduced into protoplasts 
using PEG-mediated direct gene transfer. Hygromycin- 
resistant calli were selected for and fertile plants regener- 
ated. 



B 



D 



Fig. 2. Appearance of protoplast-derived colonies in different trans- 
formation experiments. Row A shows the behaviour of calli derived 
from non-transformed protoplasts from the target lines under non- 
selective (1, 2) and selective (3, 4) conditions. Row B shows the 
outcome of a typical transformation experiment under selective 
conditions when an intact hpt gene (pNOS-HPT) under the control 
of both the promoter and the polyadenylation signal of the nopa- 
line synthase (nos) gene was used. Routinely a relative transforma- 
tion frequency (macrocalli developing in the presence of hygromy- 
cin/macrocalli developing in the absence of hygromycin) of 5% 
was obtained. Rows C, D and E show typical results of a transfor- 
mation experiment aimed at gene targeting of the defective chromo- 
somally located hpt gene. The very few hygromycin-resistant colo- 
nies that appeared were selected for further growth, regeneration 
and molecular analysis 



The following parameters were varied in these experi- 
ments : 

(a) the transgenic Arabidopsis line serving as recipient 
in the targeting experiments; 17 independently trans- 
formed lines harbouring between one and seven copies 
of the defective hpt gene were used. 

(b) the nature of the targeting DNA; the BamHl frag- 
ment containing the intact coding region of the hpt gene 
isolated from the plasmid pBhpt was used in order to 
provide only homologous DNA with no non-homolo- 
gous sequences attached. The entire ito/wHI-digested 
plasmid pBhpt was also used both in the presence and 
the absence of carrier DNA which has been shown to 
increase the transformation frequency (Damm etal. 
1989). As single-stranded (ss) DNA has also been dem- 
onstrated to lead to efficient transformation in plant 
systems (Rodenburg et al. 1989; Halfter 1990), ss DNA 
isolated from the phage M13-Bhpt, was also used with 
and without carrier DNA in targeting experiments. 
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Table 1. Summary of all targeting experi- TTTVTW ~ " " ~ ~ 

merits performed HPTA line Total no. Number of calii regenerated under RRF Recombinant 

( x 1 0 6 ) hygromycin selection 
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Seventeen difTerent transgenic Arabidopsis thaliana lines (HPTA line, P 1-P 49) harbouring 
the defective hpt gene were used as protoplast sources for gene targeting experiments 
Total no., total number of protoplasts from each target line ( x 10 6 ) 

PCR tested , number of hygromycin -resistant calli used as DNA source for the PGR reaction 
using primers Ul and U2 (see Fig. 3); PCR^, number of calii resulting in a positive 
PCR reaction; NOS-HPT', number of calli regenerated under selective conditions upon 
transforming the same number of protoplast used in targeting experiments with the plasmid 
pNOS-HPT 

RRF, relative recombination frequency expressed as a ratio of gene targeting events com- 
pared to illegitimate recombination events 
Recombinant, name of the identified recombinant lines 

Total, the amount of protoplasts and calli are summed over all the experiments performed 



Figure 2 shows the effectiveness of the hygromycin 
selection when applied to mock-transformed regenerated 
calli from A. thaliana protoplasts of the target line. No 
calli survive the hygromycin selection despite the fact 
that microscopic analysis indicated a very high fre- 
quency of initial cell division (up to 30% of the proto- 
plasts embedded started to develop microcalli before se- 
lection with hygromycin was applied). This is in contrast 
to the appearance of numerous hygromycin-resistant 
calli in transformation experiments in which pNOS-HPT 
DNA carrying an intact hpt gene was used. A typical 
result of a gene targeting experiment is shown in the 
third to fifth rows of Fig. 2. Very few, if any, calli devel- 
op in the presence of hygromycin; thus from a large 
number of experiments involving a total of 3.46 x 10 8 
protoplasts, 150 hygromycin-resistant calli were ob- 
tained. A summary of the results of the gene targeting 
experiments is shown in Table 1 . 

Molecular analysis of the hygromycin-resistant calli 

The appearance of hygromycin-resistant clones can be 
explained in several ways : 

(a) False positives which escaped hygromycin selection. 
Based on previous experiments this number is expected 
to be very low (Damm et al. 1989). 



(b) Integration into non-homologous sequences resulting 
in transcriptional and/or translational fusions between 
the hpt coding region and endogenous genes expressed 
at the callus level. This event, most probably due to 
preferential insertion of exogenous DNA into transcrip- 
tionally active DNA, has been frequently observed in 
tobacco and A. thaliana transformation experiments us- 
ing both Agrobacterium-msdiated and direct gene 
transfer of promo terless constructs (Koncz etal. 1989; 
Mayerhofer et al. 1991). 

(c) Homologous recombination with the defective chro- 
mosomal hpt gene resulting in restoration of an intact 
hpt gene. 

In order to differentiate between these possibilities, 
DNA was extracted from all 150 hygromycin-resistant 
calli and analysed by polymerase chain reaction (PCR) 
(Kim and Smithies 1988). For this purpose two primers 
were used, one of them covering positions —109 to 
— 123 of the 35S CaMV promoter and offering specifici- 
ty for the target DNA and the second one including 
the sequence of 19 nucleotides, which was deleted in 
the chromosomally defective derivative, and so supply- 
ing specificity for the targeting DNA. Both primers 
would be available for PCR only in cases where hygro- 
mycin-resistant clones had resulted from gene targeting 
events that restore the 19 bp deletion in the defective 
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Fig. 3 A and B. Gene targeting identified by screening for the link- 
age of the 35S CaMV promoter to an intact hpt gene. A Hygromy- 
cin-resistant colonies that appeared after gene targeting experi- 
ments were screened for restoration of the hpt coding sequence 
and linkage of the restored hpt gene to the 35S CaMV promoter 
by PCR analysis. For this purpose, two oligonucleotide primers 
were used {shaded boxes) ; one primer (Ul) corresponds to the 
19 bp sequence deleted in the defective hpt target gene (containing 
the Pstl site, P) and the other primer (U2) is located within the 
35S promoter. Only in the case of a successful gene targeting experi- 
ment would both sequences be linked, thus resulting in amplifica- 
tion of a 500 bp long fragment. (Primer sequences: Ul, 5'- 
GGCCTCCGCGACCGGCTGCAGAACAGC-3', U2, 5'- 
GACGTTCCAACC ACGTCTTC AAAGC-3') . B Gel electropho- 
retic separation of PCR products obtained from the following tem- 
plate DNAs: the two outermost left and right lanes contain the 
results of reactions using pGL2 (plasmid DNA containing 35S-hpt 
sequences) or genomic A. thaliana DNA transgenic for pGL2 
(tr.A.t.) as template (positive control). The fidelity of the PCR 
reactions was tested by using wild-type (C24) genomic DNA and 
by omitting any template DNA (H 2 0) (negative controls). The 
middle part of the gel contains the products obtained by PCR 
of template DNA from different target lines (P) and candidates 
for recombination (R) 



hpt gene; this should result in the amplification of a 
500 bp DNA fragment, as illustrated in Fig. 3. 

The fidelity of the PCR analysis was checked uing 
genomic DNA from non-transformed A. thaliana plants, 
and from the target lines containing the defective hpt 
gene as negative controls. DNA extracted from a line 
transgenic for the plasmid pGL2, which harbours 35S- 
hpt sequences, served as a positive control and resulted 
in amplification of a 500 bp fragment (Fig. 3). Upon 
testing DNA extracted from the 1 50 calli displaying hy- 
gromycin resistance, the expected band of 500 bp in 
length was seen for four of the transformants. In three 
of these four instances the targeting DNA was applied 
in the form of digested plasmid in the presence of carrier 
DNA, and in one example ss DNA was used. In all 
other 146 cases tested no band of the expected size was 



seen, as shown in Fig. 3 and Table 1, indicating that 
the hygromycin resistance observed for these calli is most 
likely to be due to illegitimate integration of the hpt 
gene and expression of transcriptional and/or transla- 
tional fusions. 

Further confirmation of the targeting event was ob- 
tained by Southern blot analysis. Total DNA isolated 
from the hygromycin-resistant PCR-positive clones (R) 
as well as DNA isolated from the corresponding recipi- 
ent "parental" lines (P) was digested with Hin&lll and 
subjected to gel electrophoresis. (Clone Rll was lost 
due to fungal contamination in tissue culture). Hindlll 
digestion of the plant DNA should result in the release 
of a border fragment spanning the junction between the 
left part of the T-DNA and the neighbouring plant DNA 
and thus be unique for each integrated T-DNA copy. 
This fragment should hybridize to the 35S promoter, 
the hpt coding region and the ocs terminator as shown 
in Fig. 4. 

By hybridizing with the ocs probe, an additional band 
is clearly visible in the target line P37 and the recombin- 
ant R46, which also appears as a faint band when using 
the hpt probe after longer exposure of the autoradio- 
graph. However the 35S probe, even after prolonged 
exposure, did not result in a signal. This result can be 
explained by a partial transfer of the target T-DNA to 
the plant genome. New bands are also detectable in blots 
of lines R10 and R15 probed with the hpt fragment, 
which are absent in the recipient lines. This demonstrates 
that further copies of the (promoterless) hpt gene inte- 
grated via illegitimate recombination in addition to the 
targeted recombination. In the case of line R46 no evi- 
dence for additional hpt sequences was obtained. How- 
ever in the event of targeted recombination, no addition- 
al fragments that hybridize to all of the three probes 
(i.e. 35S promoter, ocs terminator and hpt fragment) 
should be seen in the recipient line. This was true for 
all three lines (Fig. 4), thus confirming the result ob- 
tained by PCR analysis. 

The targeted recombination of the hpt coding region 
should also result in restoration of the Pstl site contained 
in the 19 bp deletion. DNA from the target line ampli- 
fied by PCR using specific primers located in the 35S 
promoter and downstream of the 19 bp deletion could 
not be digested with Pstl; however, in the case of the 
corrected lines, amplified DNA could be digested as 
shown in Fig. 5, further proving the restoration of the 
19 bp deletion. Apparent incomplete digestion of the 
PCR amplified fragment was observed; a double band 
differing by the 19 bp and corresponding to the defective 
and corrected targets was amplified, due to the homozy- 
gous genotype in the target line P23. 

Taken together, the results obtained by PCR, South- 
ern analysis and restriction analysis show that the cor- 
rected hpt gene is linked to a 35S promoter and ocs 
terminator, thus proving the construction of this new 
chimeric gene in planta. 
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Fig. 4. Southern blot analysis of PCR-positive lines and the corre- 
sponding target lines. Total isolated DNA was digested with 
Hindlll and probed with a 35S promoter fragment (p35S), the 
terminator of the octopine synthase gene {OCS-T) and the coding 



region of the hpt gene (HPT). In the case of a gene targeting event, 
both target and genuine homologous recombinants should exhibit 
the same hybridization pattern with the promoter and terminator 
probe. See the text for further explanation 



Discussion 

Evidence is presented here that gene targeting in A. tha- 
liana can be achieved. Using a highly efficient system 
for direct DNA transfer into protoplasts (Damm et al. 
1989), we have been able to repair a 19 bp deletion in 
the coding region of a chromosomally located hpt gene 
fused to the 35S CaMV promoter and the ocs polyadeny- 
lation signal. As a result of homologous recombination 
between the chromosomally located target and the in- 
coming DNA, the deletion was expected to be replaced 
by the corresponding sequence of the intact gene. On 
the one hand, this should result in the restoration of 
an intact hpt gene, giving rise to hygromycin-resistant 
calli which could be selected. On the other hand this 
should also result in linking the 19 bp sequence missing 
in the defective hpt gene to the 35S CaMV promoter, 
thus allowing identification by the use of suitable 
primers (i.e. one covering part of the 35S CaMV promot- 
er, another including the 19 bp deletion) of true recom- 
binants via PCR screening. 

The data shown here demonstrate that four out of 
1 50 hygromycin-resistant calli obtained in the course of 
these experiments displayed the expected PCR fragment, 
thus providing evidence of repair of the defective chro- 
mosomal hpt gene via the incoming DNA. This interpre- 
tation is further supported by the results of the Southern 
blot analysis. The defective gene consisting of the 35S 
promoter, the hpt coding region and the ocs terminator 
does not contain an endogenous Hindlll site. Upon di- 
gestion with Hindlll t each gene will thus be liberated 
as one band together with the left hand T-DNA border, 



thus creating size-specific fragments for every insertion 
locus. In the three restored lines analysed, no additional 
Hindlll fragments that hybridize to all three probes for 
the 35S promoter, the hpt gene and the ocs terminator 
were detectable when compared with the corresponding 
target lines. The only possibility for the creation of the 
linkage between the 35S promoter sequences and the 
sequences deleted in the target gene is by targeted recom- 
bination of the intact coding region of the hpt gene with 
the chromosomally located defective hpt gene. The intact 
35S-hpt-ocs chimeric gene has never been constructed 
in our laboratory and could only be constructed in plan- 
ta by homologous recombination; thus, the possibility 
of a trace contamination is excluded, as discussed in 
the other cases where homologous recombination in 
plants has been reported (Lee et al. 1990). In addition, 
it has been demonstrated by restriction analysis of PCR- 
amplified DNA that the Pstl site missing in the deleted 
target DNA has been restored in the corrected lines. 

All data obtained are thus in agreement with the in- 
terpretation that in these three cases the defective hpt 
gene has been corrected by the incoming DNA. The 
data obtained do not allow us to differentiate between 
gene conversion or homologous recombination as the 
underlying mechanism involved. A total of 3.46 x 10 8 
protoplasts derived from 17 independently transformed 
A. thaliana transformants harbouring the defective hpt 
gene have been used in the process of the experiments 
described here. Four lines were identified where the de- 
fective hpt gene was corrected via the targeting DNA. 
This amounts to a total frequency of 7 x 10" 5 if aver- 
aged over all experiments. 
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Fig. 5 A and B. Correction of the non-functional hpt gene by target- 
ing results in the restoration of the internal Pstl site. A The diges- 
tion was performed after amplification of an appropriate fragment 
by PCR to overcome problems due to methylation sensitivity of 
Pstl when using genomic DNA. PCR oligonucleotide primers U2 
and U3 and their transcriptional orientations are indicated as 
shaded boxes and arrows. (Primer sequences: U2, see Fig. 3, U3, 
5'-CGCTCCAGTCAATGACCGCTGTTAT-3'. B Digested frag- 
ments were subjected to electrophoresis. Target line (P23) and the 
corresponding recombinant (R15) compared with respect to diges- 
tibility with Pstl of the synthesized PCR fragment. pGL2 serves 
as a positive control 



Due to the low number of recombinants, no signifi- 
cant conclusion can be drawn with respect to the impor- 
tance on recombination frequencies of the various pa- 
rameters checked (e.g. nature of the targeting DNA, dif- 
ferent transgenic lines). Nevertheless it is intriguing that 
only three out of 17 lines gave rise to gene targeting. 
These three lines did not differ from other lines with 
respect to, for example, copy number. Thus as deduced 
from Fig. 4, hybridization with the 35S promoter frag- 
ment gave 1 , 2 and 7 bands (indicating the same number 
of copies of the T-DNA) in the three lines in which 
recombinants were identified, which is not different from 
the distribution in the remaining 14 lines that had not 
given rise to recombinants. If only these three lines are 
taken into consideration, a much higher frequency of 
between 1 and 3 x 10 ~ 4 is obtained for the homologous 
recombination event. A similar observation has been re- 
ported by Paszkowski et aL (1988) who compared two 
transgenic tobacco lines harbouring a defective nptll 
gene. In only one line was successful gene targeting ob- 



tained. The influence of different target gene loci may 
be due to different chromatin structures, as discussed 
by Zijlstra et al. (1989). 

With regard to plant systems, three instances of gene 
targeting in tobacco have been reported: either direct 
gene transfer targeted at a defective transgene (Pasz- 
kowski et al. 1988), or A. tumefaciens-rnodiated transfor- 
mation targeted at an endogenous gene (Lee et al. 1990) 
or a transgene (Offringa et al. 1990). The ratio of homol- 
ogous versus illegitimate recombination observed is in 
the same range as that described here, i.e. between 
4 x 10 ~ 4 and 5 x 10 ~ 5 . These data indicate that neither 
the technique used to transfer the targeting DNA (i.e. 
A. tumefaciens-mediated or direct gene transfer) nor 
whether the target gene is a transgene or an endogenous 
gene seem to be of dramatic influence with respect to 
the frequency of homologous recombination. Further- 
more a result not necessarily expected is that about the 
same frequencies are obtained in both tobacco and A. 
thaliana irrespective of the fact that these species differ 
in genome size by a factor of about 20. Thus genome 
size does not seem to be of major importance with re- 
spect to targeting frequencies as has been also demon- 
strated by Zheng and Wilson (1990) in animal cells. 

In mammalian systems, frequencies for homologous 
versus illegitimate recombination vary between 10" 2 and 
10" 7 . The main parameters influencing the frequency 
are the length of the homologous DNA, the nature of 
the target gene and the method of introducing the DNA. 
Thus Capecchi (1989a) showed a correlation between the 
frequency of gene targeting and the length of homology 
between the chromosomal target gene and the targeting 
DNA. Microinjection into the nucleus and electropora- 
tion seem to be superior to PEG-mediated transforma- 
tion techniques. Obviously these parameters still need 
thorough investigation in plant systems; however, one 
should bear in mind that microinjection into the nucleus 
currently represents a major technical challenge with re- 
spect to plant systems in general and probably even more 
so for A. thaliana (Crossway et al. 1986; Reich et al. 
1986). In conclusion, data are presented that clearly 
demonstrate the feasibility of achieving gene targeting 
in A. thaliana using direct gene transfer into protoplasts. 
In order to make this method applicable on a routine 
basis, the frequencies of homologous versus non-bomol- 
ogous recombination have to be increased. Furthermore 
strategies have to be devised which also allow the early 
recognition of homologous recombination occurring 
with endogenous plant genes. 
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Abstract. The most widely cultivated species of cotton, 
Gossypium hirsutum, is a disomic tetraploid (2«=4x=52). 
It has been proposed previously that extant A- and D-ge- 
nome species are most closely related to the diploid pro- 
genitors of the tetraploid. We used fluorescent in situ hy- 
bridization (FISH) to determine the distribution of 5S 
and 18S-28S rDNA loci in the A-genome species G. 
herbaceum and G. arboreum, the D-genome species G. 
raimondii and G. thurberi, and the AD tetraploid G. hir- 
sutum. High signal-to-noise, single-label FISH was used 
to enumerate rDNA loci, and simultaneous, dual-label 
FISH was used to determine the syntenic relationships of 
5S rDNA loci relative to 18S-28S rDNA loci. These 
techniques provided greater sensitivity than our previous 
methods and permitted detection of six new G. hirsutum 
18S-28S rDNA loci, bringing the total number of ob- 
served loci to 1 1 . Differences in the intensity of the hy- 
bridization signal at these loci allowed us to designate 
them as major, intermediate, or minor 18S-28S loci. Us- 
ing genomic painting with labeled A-genome DNA, five 
18S-28S loci were localized to the G. hirsutum A-subge- 
nome and six to the D-subgenome. Four of the 11 18S- 
28S rDNA loci in G. hirsutum could not be accounted 
for in its presumed diploid progenitors, as both A-ge- 
nome species had three loci and both D-genome species 
had four. G. hirsutum has two 5S rDNA loci, both of 
which are syntenic to major 18S-28S rDNA loci. All 
four of the diploid genomes we examined contained a 
single 5S locus. In G. herbaceum (Aj) and G. thurberi 
(D^, the 5S locus is syntenic to a major 18S-28S locus, 
but in G. arboreum (A 2 ) and G. raimondii (D 5 ), the pro- 
posed D-genome progenitor of G. hirsutum, the 5S loci 
are syntenic to minor and intermediate 18S-28S loci, re- 
spectively. The multiplicity, variation in size and site 
number, and lack of additivity between the tetraploid 
species and its putative diploid ancestors indicate that 
the behavior of rDNA loci in cotton is nondogmatic, and 
considerably more complex and dynamic than previous- 
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ly envisioned. The relative variability of 18S-28S rDNA 
loci versus 5S rDNA loci suggests that the behavior of 
tandem repeats can differ widely. 



Introduction 

There are approximately 50 species in the cotton genus 
Gossypium, including 45 diploids and at least 5 tetraplo- 
ids (Fryxell 1992). Collectively, they grow throughout 
tropical and subtropical parts of the world and are ge- 
nomically diversified in relation to their geographic 
ranges (Skovsted 1934). Seven major diploid genomic 
groups of Gossypium have been identified and are desig- 
nated by the letters A through G (Beasley 1940, 1942; 
Edwards and Mirza 1979). 

The species Gossypium hirsutum is an AD disomic 
tetraploid (2w=4x=52) that originated from an interspe- 
cific hybridization event(s) between diploid Gossypium 
species thought to be closely related to the A i -genome 
species G. herbaceum and the D 5 -genome species G. ra- 
imondii (Endrizzi et al. 1985). The G. hirsutum chromo- 
somes of A-genome origin are larger, as a group, and are 
numbered 1-13, whereas those of D-genome origin are 
numbered 14-26. The A-genome and D-genome diplo- 
ids are estimated to have diverged from a common an- 
cestor between 6 and 1 1 million years ago, and the hy- 
bridization event(s) leading to G. hirsutum is estimated 
to have occurred 1 to 2 million years ago (Wendel 1989; 
Wendel and Albert 1992). Previous efforts at interspecif- 
ic comparisons within Gossypium have employed mor- 
phological (Fryxell 1992), meiotic (Menzel 1954), 
karyotypic (Beasley 1940), genetic and molecular crite- 
ria (Wendel 1989). 

In this study, we have used fluorescent in situ hybrid- 
ization (FISH) to examine the distribution of 5S and 
18S-28S rDNA sites in G. hirsutum and closely related 
diploid species in order to address three objectives. The 
first objective was to determine the respective homoeo- 
logous relationship of chromosomes that bear 5S and 
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18S-28S rDNA sequences in the diploids. The second 
objective was to provide new molecular cytogenetic 
landmarks that will facilitate ongoing construction of a 
FISH-based karyotype for cotton, and development of an 
integrated map of recombinational and physical distanc- 
es among loci defined by molecular markers and cytoge- 
netic landmarks. The third objective was to understand 
the evolutionary history of rDNA loci of Gossypium, 



Materials and methods 

Probe DNA isolation and labeling. DNA of pAm033 (a 470 bp 
BamHI fragment of the 5S rDNA repeat of Acacia melanoxylon in 
pUCl 18, kindly provided by Rudi Appels) and pGMR3 (a 4.5 kb 
EcoRI fragment of the 18S-28S ribosomal repeat of Glycine max 
in pBR325, kindly provided by Elizabeth Zimmer) was isolated 
by alkaline lysis in plasmid maxipreps as described by Silhavy et 
al. (1984). Total genomic DNA was isolated from immature leaves 
of G. raimondii (2«=2jf=26=D 5 D 5 ) and G. arboreum (2n=2x=26- 
A 2 A 2 ) (accessions given below) using the technique described by 
Paterson et al, (1993). Whole plasmid and total genomic DNAs 
were labeled with biotin-14-dATP (Gibco BRL) using the Gibco 
BRL BioNick Labeling System or with digoxigenin-1 1-dUTP 
(Boehringer-Mannheim) using the Boeh ringer-Mannheim nick- 
translation kit. 

Plant material, pretreatment and metaphase preparation. Root 
tips of G. hirsutum (2rt=4*=52=[(AD,)] 2 ) (Deltapine 50, Delta 
and Pine Land Co.), G. arboreum (Accession no. A2-92) and G. 
herbaceum (2rt=2jc=26=A 1 A 1 ) (Accession no, unknown) were 
clipped into 1-2 cm lengths and pretreated for 4 h with 2.5 mM 8- 
hydroxyquinoline (aq) at room temperature. Root tips of G. ra- 
imondii (Accession no. D5-1 A22) and G. thurberi (2n—2x= 
26=DiD,) (Accession no. Dl-1) were clipped into 2-3 cm lengths 
and pretreated with 2.5 mM 8-hydroxyquinoline (aq) at room tem- 
perature for 5 h. Following pretreatment, root tips were fixed 
overnight in 4:1 ethanol :acetic acid at room temperature. All ac- 
cessions were obtained from the National Collection of Gossypi- 
um Germplasm, College Station, Texas. Metaphase spreads were 
prepared as described by Jewell and Islam-Faridi (1994). 

In situ hybridization. The procedure used was a modification of 
that of Islam-Faridi and Mujeeb-Kazi (1995). Slides were im- 
mersed in 30 u.g/ml RNase in 2*SSC for 45 min at 37°C, dena- 
tured at 70°C in 70% formamide, 2xSSC for 2.5 min and dehy- 
drated in 70%, 85%, 95% and 100% ethanol for 2 min each at 
-20°C.(lxSSC is 0.15 M NaCl, 0.015 M sodium citrate). The 
probe mix was denatured at 80°C for 5 min, applied to the air- 
dried slide in a 25 p.1 volume, covered with a 20 mm x 40 mm cov- 



erslip and sealed with rubber cement. The slides were then put in 
a humidity chamber in an 80°C oven for 7 min and allowed to in- 
cubate overnight at 37°C. Each 25 \x\ of hybridization mixture 
contained 50% deionized formamide, 10% dextran sulfate, 9 ug 
Escherichia coli DNA, and 90 ng of biotin-labeled probe DNA in 
2xSSC. For dual labeling, 90 ng of biotin-labeled 18S-28S probe 
and 90 ng of digoxigenin-labeled 5S rDNA probe were used per 
slide. For genomic "painting" of the A-subgenome 50 ng of bi- 
otin-labeled total genomic DNA of G. arboreum, 1 ug unlabelled 
genomic DNA of G. raimondii and 8 Ug E. coli DNA were used 
per slide. 

Following overnight incubation at 37°C, coverslips were re- 
moved and slides were rinsed at 40°C in: 2><SSC, 5 min; 2xSSC, 
5 min; 2xSSC, 50% formamide, 10 min; 2*SSC, 5 min; 2xSSC, 
5 min; and 4xSSC, 5 min. Signal from biotin-labeled probes was 
then amplified with sequential 30 min applications of 5 ug/ml flu- 
orescein isothiocyanate (FITC)-avidin DCS (Vector) in 4*SSC, 
0.2% Tween 20, 10 |ig/ml biotinylated anti-avidin D (Vector) in 
4xSSC, 0.2% Tween 20 and 5 ug/ml FITC-avidin in 4xSSC, 0.2% 
Tween 20. For two-probe detection, a final incubation with 
20 jig/ml rhodamine anti-digoxigenin (Boehringer Mannheim) 
was added. After each step three washes were performed in 
4xSSC, 0.2% Tween 20 for 5 min each at 37°C. Slides were 
stained in 2 Ug/ml 4\6-diamidino-2-phenylindole (DAPI) in Mcl- 
lvaines buffer (9 mM citric acid, 80 mM Na 2 HP0 4 H 2 0, 2.5 mM 
MgCl 2 ) for 20 min at room temperature (RT), then with propidium 
iodide (PI; 20 ug/ml in 2xSSC) for 30 min at RT, and finally, anti- 
fade was applied under a 22 mmx40 mm coverslip. For two-probe 
detection, no PI was used. After FISH detection of 18S-28S rDNA 
loci of G. hirsutum and photography of selected metaphase 
spreads was complete, coverslips were soaked off in 2xSSC, al- 
lowed to destain in 2*SSC for 30 min, dehydrated in a 70%, 85% 
and 95% ethanol series at RT, and air-dried. Genomic painting 
was then carried out on the slides as described above. 

Microscopy. Images were photographed directly on Fuji ASA 400 
film with Olympus AX-70 (Figs. 1A, B, D, E, 3B, C, E, 4B-D), 
Olympus Vanox (Figs. 1C, 3 A, D), Zeiss Axioscope (Fig. 2A) and 
Zeiss Axiophot (Fig. 4A) epi fluorescence microscopes using stan- 
dard filter sets for DAPI, FITC and FITC/rhodamine/DAPI excita- 
tion. 



Results 

To detect 18S-28S rDNA loci with the greatest possible 
sensitivity, single-label FISH was used rather than dual- 
label FISH. The description and number of 18S-28S 
rDNA loci we detected using this method are given in 
Table 1; photomicrographs of the results are shown in 
Fig. 1A-E. For simplicity, 18S-28S rDNA FISH sites 



Table 1. The distribution of 1 8S-28S rDNA 

loci in Gossypium hirsutum and closely re- Haploid Major Intermediate Minor 

lated diploid species genome or 1 8S-28S 1 8S-28S 1 8S-28S 

subgenome rDNA loci rDNA loci rDNA loci Total 



G. hirsutum ([AD]1) 


3 


1 


7 


11 


(A) 


1 


1 


3 


5 


(D) 


2 


0 


4 


6 


G. herbaceum (A 1 ) 


3 


0 


0 


3 


G. arboreum (A2) 


2 


0 


1 


3 


G. raimondii (D5) 


2 




1 


4 


G. thurberi (Dl) 


4 


0 


0 


4 



Headings A and D represent the A- and D-subgenomes of G. hirsutum, as determined by 
genomic painting with labeled total A-genome (G. arboreum) DNA 
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were described as follows. Major sites were defined as 
those giving very large signals observable in all inter- 
phase and metaphase cells. Much smaller FISH signals, 
which were nevertheless detected with high frequency in 
interphase and metaphase cells, were described as inter- 
mediate sites. The smallest FISH signals, which were 
generally detectable in at least 40% of metaphase cells, 
were described as minor sites. Based on results from 
FISH of bacterial artificial chromosome clones of G. 
hirsutum (Hanson et al. 1995), we estimate that the 
smallest rDNA signals reported herein represent loci in 
the 25—35 kb size range. 

The four largest 18S-28S rDNA loci of G. hirsutum 
were previously mapped by molecular-meiotic configu- 
ration analysis to chromosomes 1,9, 16 and 23 (Price et 
al. 1990; Crane et al. 1993). A smaller fifth site was ob- 
served but not mapped. Using somatic metaphase prepa- 
rations and improved protocols for in situ hybridization 
(ISH) and detection, we were able consistently to detect 
an additional six minor sites, bringing the total reported 
18S-28S rDNA loci to 11 (Fig. IE). Similar results have 
also been obtained in our laboratory using meiotic chro- 
mosomes. To avoid confusion of signals with back- 
ground noise, which was extremely low, only loci at 
which a pair of signals was visible, one per chromatid, 
were scored. Eleven loci were observable in greater than 
30% of the approximately 70 G. hirsutum metaphase 
spreads we examined. A minimum of 30 metaphase 
spreads was examined for enumeration of diploid 18S- 
28S rDNA loci. 

To determine the subgenomic locations, A versus D, 
of 18S-28S loci in the G. hirsutum genome, metaphase 
spreads that had been used for FISH with the 18S-28S 
rDNA probe were destained, dehydrated in an ethanol 
series, air-dried and then reprobed with labeled A2-ge- 
nome DNA (Fig. 2). It was found that addition of a 20- 
fold excess of unlabeled total genomic DNA of G. ra~ 
imondii to the probe mix was sufficient to suppress 
cross-hybridization of sequences that are shared between 
the two genomes, with the exception of major loci of the 
highly conserved 18S-28S rDNA repeat. Results show 
that five 18S-28S loci can be localized to the G. hirsu- 
tum A-subgenome and six to the D-subgenome (Table 
1). The number of 18S-28S loci in the A-subgenome is 
two more than the additive total observed in each A-dip- 
loid, and the number of 18S-28S loci in the D-subge- 
nome is two more than was observed in each of the D- 
diploids (see Table 1). We observed no chromosomes 
with painted and unpainted segments, other than the 
18S-28S rDNA loci bearing D-subgenome chromo- 
somes, which suggests that no large intergenomic trans- 
locations have occurred following polyploidization. This 
conclusion was supported by genomic painting results 
using D-diploid DNA as a probe on other metaphase 
spreads of G hirsutum chromosomes (not shown). 

In all the diploids examined, only a single major pair 
of 5S rDNA FISH signals was observed per haploid ge- 
nome, located near the centromere on the short arm of 
the respective chromosome (Fig. 3A-D). Two pairs of 
signals of unequal size were detected in G. hirsutum. 
The larger 5S rDNA locus was in the long arm near the 
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Fig. 1A— E.' Fluorescence photomicrographs of cotton metaphase 
chromosomes hybridized with a biotin-labeled 18S-28S rDNA 
probe. Signals were detected with fluorescein isothiocyanate 
(FiTC)-conjugated avidin and chromosomes were counterstained 
with propidium iodide (PI). A Partial metaphase from G. arbor- 
eum (Aj), showing all three 18S-28S loci. Two major loci and one 
minor site (arrowheads) are visible. B G. herbaceum (A 2 ); three 
major loci are visible. C G. raimondii (D 5 ) shows two major sites, 
an intermediate site, and one minor site (arrowheads). The minor 
site is extremely small and is located near the centromere on the 
short arm of the chromosome. D G, thurberi (Dj); four major loci 
are visible. E G. hirsutum ([AD]^; arrowheads indicate the II 
observable loci. Three loci are major sites, one is an intermediate 
site and seven are minor. Bars represent 1 0 um 

Fig. 2. Fluorescence photomicrograph of the metaphase spread of 
G. hirsutum shown in Fig. IE rehybridized with biotin-labeled to- 
tal A-genome (G. arboreum) DNA. Signal was detected with 
FITC -conjugated avidin and chromosomes were counterstained 
with PI. Unlabeled total D-genome (G. raimondii) DNA was used 
in a 20-fold excess to block cross-genomic hybridization. Arrow- 
heads show chromosomes that bear 18S-28S rDNA loci; arrow- 
heads labeled D represent chromosomes from the D-subgenome 
and unlabeled arrowheads represent chromosomes from the A- 
subgenome. The strong signals on two pairs of D-subgenome 
chromosomes are due to hybridization of the highly conserved 
18S-28S rDNA repeat. No other areas of "painted" and "unpaint- 
ed" segments can be observed on A- or D-subgenome chromo- 
somes. Bar represents 10 urn 

Fig. 3A-E. Fluorescence photomicrographs of cotton metaphase 
chromosomes hybridized with a biotin-labeled 5S rDNA probe. 
Signal was detected with FITC -conjugated avidin and chromo- 
somes were counterstained with PI. In all the diploid species 
(A-D), one locus is visible, located near the centromere on the 
short arm of a homologous pair of chromosomes. A G thurberi 
(Dj); note the PI staining of major 18S-28S rDNA loci. B G. ar- 
boreum (A 2 ). C G. herbaceum (A,). D G. raimondii (D 5 ). E G. 
hirsutum ([AD] t ); two loci are visible. The larger pair of signals 
(arrowheads labeled a) are located on the long arm of chromo- 
some 9 and the smaller pair of signals (unlabeled arrowheads) are 
located on the short arm of chromosome 23. Propidium iodide 
staining allows for the visualization of major 18S-28S rDNA loci 
syntenic to both 5S rDNA loci, on the short arm of the chromo- 
some. Bars represent 10 um 

Fig. 4A-D. Fluorescence photomicrographs of metaphase chro- 
mosomes of diploid cotton simultaneously tested with a biotin-la- 
beled 18S-28S probe and a dig ox igenin- labeled 5S rDNA probe. 
The 18S-28S rDNA probe was detected with FITC -conjugated 
avidin (yellow/green) and the 5S rDNA probe was detected with 
rhodamine-conjugated anti-digoxigenin antibodies (red). Chromo- 
somes were counterstained with 4\6-diamidino-2-phenylindole 
(DAPI). Arrowheads indicate 18S-28S rDNA loci. In each figure 
the red-colored 5S rDNA signals are clearly visible. A G. arbor- 
eum (A 2 ). Three 18S-28S loci are visible; the 5S site is syntenic to 
the minor 18S-28S site, which can very faintly be seen on the 
short arm of the chromosome. B G. herbaceum (Aj). All three 
major 18S-28S loci are clearly visible; the 5S site is syntenic to 
one of the two telomerically located major loci. C G. raimondii 
(D 5 ). Three 18S-28S loci can be seen; the 5S site is syntenic to an 
intermediate 18S-28S site. D G. thurberi(D } ) shows the four ma- 
jor 18S-28S rDNA loci; signal is not visible in the photograph for 
one chromosome. The 5S site is syntenic to a major 18S-28S site. 
Bars represent 1 0 um 




Figs. 1A-3A (for legends see p. 57) 
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Figs. 3B-4D (for legends see p. 57) 
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centromere of a medium-sized pair of A-subgenome 
chromosomes, whereas the smaller locus was in the 
short arm near the centromere of a small- to medium- 
sized pair of D-subgenome chromosomes (Fig. 3E). 

Differentially bright PI fluorescence allowed for the 
simultaneous visualization of major 18S-28S rDNA loci 
(red) and FITC-avidin-detected 5S rDNA loci (yel- 
low/green) in G. hirsutum. Major 18S-28S rDNA loci 
were observed to be syntenic to each of the two 5S 
rDNA loci of G. hirsutum, corroborating the positions 
established by Crane et al. (1993) using molecular mei- 
otic ISH (Fig. 3E). In the diploid species, the syntenic 
relationships of the 5S rDNA site relative to the 18S-28S 
rDNA site were determined by simultaneous detection of 
a biotin-labeled 18S-28S rDNA probe and a digoxige- 
nin-labeled 5S rDNA probe (Fig. 4A-D). The results re- 
vealed that the 5S rDNA loci of both G. herbaceum (Al) 
and G. thurberi (Dl) were syntenic to the major 18S- 
28S rDNA loci (Fig. 4B, D); whereas those of G. arbor- 
eum (A 2 ) and G. raimondii (D 5 ) were syntenic to minor 
and intermediate 18S-28S rDNA loci, respectively, and 
not to major 18S-28S rDNA loci, as would be expected 
based on the G. hirsutum data (Fig. 4A, C). 

Discussion 

A number of hypotheses may explain why all 18S-28S 
rDNA loci of G. hirsutum were not accounted for in dip- 
loid progenitors. First, the number of copies of the 
rDNA repeat present at some A- and D-diploid loci may 
be too few to be detected. Hence, a discrepancy in the 
number of detectable 18S-28S rDNA loci could be ex- 
plained either by elimination of copies of the 18S-28S 
repeat in modern A- and D-diploids relative to the ances- 
tral genome donors, or by post-polyploidization amplifi- 
cation of those 1 8S-28S rDNA loci of the tetraploid that 
originally bore few repeats. Given an estimated limit of 
25—35 kb for consistent signal detection, and the length 
of the probe used (4.5 kb), we infer that our current 
threshold for detection of 18S-28S rDNA repeats is ap- 
proximately five to eight copies. A second possible ex- 
planation is that translocations with breakpoints located 
in the middle of 18S-28S rDNA loci may have bisected 
and thus duplicated sites following polyploidization of 
G. hirsutum. Third, increases and/or decreases in site 
number could arise by the formation of translocations 
with breakpoints proximal to the rDNA sites and subse- 
quent fixation of duplication-deficiencies. Fourth, new 
rDNA loci may have been formed in the tetraploid by 
transposition of sequences containing rDNA repeats. 
Fifth, deletions may have eliminated loci in modern A- 
and D-diploids. And finally, the diploids examined may 
not represent the ancestral donors of the tetraploid A- or 
D-subgenomes. 

The two 5S rDNA loci of G. hirsutum were previous- 
ly mapped using ISH. A large site of 5S rDNA ISH was 
mapped to the long arm of chromosome 9 and a some- 
what smaller site was localized to the short arm of chro- 
mosome 23 (Crane et al. 1993). Based on the differences 
in chromosomal arm location of 5S rDNA loci, Crane et 
al. (1993) proposed that following divergence of the A- 



and D-genomes, either a pericentric inversion or a trans- 
position had occurred in the homolog of chromosome 9 
or chromosome 23. Our data, showing 5S rDNA loci lo- 
cated near the centromere in the short arm of all A- and 
D-diploids observed (Fig. 3A-D), suggest that the rear- 
rangement occurred on chromosome 9 and that this oc- 
curred after the polyploidization event leading to G. hir- 
sutum. This conclusion is concordant with independent 
restriction fragment length polymorphism (RFLP) map- 
ping data (Reinisch et al. 1994; J. F. Wendel, personal 
communication). 

The results from simultaneous FISH of 5S and 18S- 
28S rDNA probes to chromosomes of G. herbaceum 
(A x ) and G. thurberi (D^ were concordant with results 
from the tetraploid in that the 5S rDNA sites were syn- 
tenic to major 18S-28S rDNA loci (Fig. 4B, D). The re- 
sults for G. arboreum (A 2 ) and G. raimondii (D 5 ) were 
not as predicted, however, as neither of the 5S sites was 
syntenic with a major 18S-28S rDNA locus (Fig. 4A, C). 
The G. raimondii data are particularly interesting, as it 
has been reported that this species is the most likely D- 
genome ancestor of the extant tetraploids (Endrizzi et al. 
1985). If this is indeed the case, then our results indicate 
that, barring reciprocal rearrangement between minor 
and major rDNA loci, the 18S-28S rDNA cluster of G 
hirsutum on the D-subgenome chromosome 23 has been 
significantly amplified in size following polyploidizat- 
ion, or that this same locus has been significantly deam- 
plified in modern G. raimondii lineages. 

The size distribution of the 18S-28S rDNA sites ob- 
served in the diploids was not as expected. Based on our 
genomic painting data from G. hirsutum and the previ- 
ously mentioned ISH mapping data (Crane et al. 1993), 
the expected pattern in the A-genome diploid species in- 
cluded one major site corresponding to chromosome 9, 
one intermediate site corresponding to chromosome 7, 
and three minor sites. The expected pattern of the D-ge- 
nome species included two major 18S-28S rDNA sites 
corresponding to chromosomes 16 and 23, and four mi- 
nor sites. In A-genome diploids no fewer than two major 
18S-28S rDNA sites were observed, suggesting that at 
least one major site was significantly deamp lifted in the 
A-subgenome of the tetraploid following polyploidizat- 
ion, or that at least one site has been greatly amplified in 
modern diploid ancestors of the A-subgenome donor. In 
G. raimondii the number of major 18S-28S loci observed 
was as expected, although neither of the two major 18S- 
28S rDNA loci we observed was located on the predicted 
chromosome 23 homolog, which bears a 5S site. It is 
therefore suggested, that one of these two major 18S-28S 
sites in G. raimondii is homologous to the major site on 
chromosome 16 of G. hirsutum, while the other has ei- 
ther been significantly amplified in G. raimondii relative 
to the ancient D-subgenome donor or greatly deamplified 
in the tetraploid following polyploidization. 

Several mechanisms may account for the changes in 
sizes of rDNA loci that we observed. One proposed way 
that tandem repeats such as rDNA loci can be signifi- 
cantly amplified or deleted is through both homologous 
and nonhomologous unequal crossing over (Arnheim et 
al. 1980; Seperack et al. 1988). Anderson and Roth 
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(1981) have shown that in Salmonella typhimurium un- 
equal crossing over takes place much more frequently at 
rDNA loci than at 37 other loci observed. Recent data 
obtained by Wendel et al. (1995) have demonstrated the 
occurrence of interlocus concerted evolution among 
rDNA loci in Gossypium tetraploids following poly- 
ploidization, which may suggest that unequal crossing 
over takes place between nonhomologous rDNA loci in 
G. hirsutum. The fact that rDNA-bearing chromosomes 
appear to be nonrandomly associated with each other at 
mitotic metaphase (Figs. 1A-D, 3B-C, 4A-C) may sup- 
port the theory that somatic exchange takes place be- 
tween nonhomologous loci, in which case homogeniza- 
tion and changes in rDNA copy number could occur es- 
pecially quickly, particularly in plants and other organ- 
isms without germ lines that are differentiated early in 
development. In rye, it has been shown that the telo- 
meres of some "associated" chromosomes are more alike 
in their arrays of repeats than those of "un-associated" 
chromosomes (Bennett 1982). Significant to this poten- 
tial mechanism is that 12 of 14 18S-28S rDNA loci ob- 
served in the diploid species and all 3 major 18S-28S lo- 
ci of G. hirsutum are located at either telomeric or 
slightly subtelomeric positions, as this would possibly 
allow significant rearrangements to occur between 
rDNA loci without deleterious effects to the cell. It 
therefore seems reasonable to propose that in species 
with mostly telomerically located 18S-28S rDNA re- 
peats there will be observed on average: a greater degree 
of interlocus concerted evolution, a higher number of lo- 
ci, and more variability in locus number and size, both 
within and between closely related species. 

The multiplicity of sites, facility of detection and rel- 
ative variability of rDNA loci indicate that rDNA loci 
will have considerable utility in future molecular cytoge- 
netic studies of G. hirsutum and its diploid relatives. 
Further, the data indicate that rDNA loci have much to 
offer as a tool for analyzing the evolution and behavior 
of tandemly repeated gene families, how they contribute 
to genomic elasticity, and how they may promote or con- 
strain changes relevant to polyploidization. Subsequent 
studies using FISH of both repetitive and single-copy se- 
quences will likely add to the information we have pre- 
sented and contribute greatly to our understanding of the 
homologous relationships between the chromosomes of 
G. hirsutum and the chromosomes of A- and D-diploids, 
and more generally, to genome evolution per se. 
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Different combinations of chromosome N- or C-banding with in situ hybridization (ISH) or genomic in situ 
hybridization (GISH) were sequentially performed on metaphase chromosomes of wheat. A modified N-banding- 
ISH/GISH sequential procedure gave best results. Similarly, a modified C-banding - ISH/GISH procedure also gave 
satisfactory results. The variation of the hot acid treatment in the standard chromosome N- or C-banding procedures 
was the major factor affecting the resolution of the subsequent ISH and GISH. By the sequential chromosome 
banding - ISH/GISH analysis, multicopy DNA sequences and the breakpoints of wheat-alien translocations 
were directly allocated to specific chromosomes of wheat. The sequential chromosome banding- ISH/GISH 
technique should be widely applicable in genome mapping, especially in cytogenetic and molecular mapping of het- 
erochromatic and euchromatic regions of plant and animal chromosomes. 

Key words: N-banding, C-banding, in situ hybridization, genomic in situ hybridization. 



Jiang, J., et Gill, B.S. 1993. Sequential chromosome banding and in situ hybridization analysis. Genome, 
36 : 792-795, 

Diffe>entes combinaisons de reflation des bandes C ou N par hybridation in situ (ISH) des chromosomes ou par 
hybridation in situ des genomes (GISH) ont 6te" expdrimente*es de fa?on s£ri6e sur des chromosomes de ble* en 
metaphase. Une m^thode se>i£e modified de reflation des bandes N par ISH/GISH a donn£ les meilleurs r6sultats. 
De fac.on similaire, une mdthode s6r\6e de reflation des bandes C par ISH/GISH a 6galement donnd des r£sultats 
satisfaisants. La variation du traitement a 1'acide chaud dans les m£thodes standards de reflation des bandes C et N 
des chromosomes a €t€ le facteur majeur qui a affecte* la resolution des traitements ISH/GISH subs£quents. Par 
analyses des ISH/GISH r£v£lant de fagon s6ri£e les bandes chromosomiques, les sequences d'ADN en multi- 
copies et les points de fracture « b!6-translocation 6trangere » ont 6t€ directement assigned a des chromosomes sp£- 
cifiques du ble\ La technique de revelation s6ri£e ISH/GISH des bandes chromosomiques devrait etre largement 
applicable pour la cartographie des genomes et, plus sp^cifiquement, la cartographie cytog6n6tique et moldcu- 
laire des regions h6t£rochromatiques ef euchromatiques des chromosomes des plantes et des animaux. 

Mots clis : bandes N, bandes C, hybridation in situ, hybridation in situ des genomes. 

[Traduit par la redaction] 



Introduction 

Chromosome banding and in situ hybridization are two 
pivotal techniques for cytogenetics. Identification of indi- 
vidual chromosomes of human and most of the animal 
and plant species was impossible until the development 
of various chromosome banding techniques (for review 
see Hsu 1973). In situ hybridization is not only the most 
direct method for physical mapping of DNA sequences 
on chromosomes but also an alternative method for chro- 
mosome identification with different DNA markers. 

In humans, chromosome banding and in situ hybridiza- 
tion techniques were successfully integrated into a single 
procedure. DNA sequences can be directly and more pre- 
cisely mapped to a specific chromosome area by combining 
these techniques (see review by McNeil et al. 1991). 
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Although both chromosome banding and in situ hybridiza- 
tion have been successfully applied for cytogenetic stud- 
ies in plants, especially in wheat (Triticum aestivum) and 
its related species, reports on the sequential use of the 
two techniques have been limited (Hutchinson and Seal 
1983). Thus, the potential of developing sequential 
banding - in situ hybridization techniques for plant chro- 
mosome analysis has not been fully exploited. Here, we 
report on the results of sequential analysis on wheat 
metaphase chromosomes using different combinations of 
N- or C-banding with in situ hybridization (ISH) or 
genomic in situ hybridization (GISH). 

Materials and methods 

Wheat variety 'Chinese Spring* (CS) and a wheat germ- 
plasm line KS92WGRC19 containing wheat-rye (Secale cereale) 
translocations Tl AL- 1 RS and T4BS -4BL-6RL (Friebe et al. 
1991) were used as the test materials. 

The chromosome preparation and N-banding technique 
were according to Endo and Gill (1984). To integrate the 
N-banding technique with in situ hybridization, the major 
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modification was the omission of the hot 45% acetic acid 
treatment. After removing the cover slips, the slides were 
dried in an ethanol series (75, 95, and 100% ethanol, 5 min 
each), then directly incubated in hot phosphate buffer (1 M 
NaH 2 P0 4 ) at 92 ± 2°C for 2 min, rinsed with tap water, 
and immediately stained with a Banco Giemsa solution 
(dilute one drop of stock solution with I mL of 1/15 M 
S0renson's phosphate buffer) for 22-24 min. After recording 
cells with well-spread N-banded metaphase chromosomes on 
film, the slides were destained in an ethanol series (75, 95, 
and 100% ethanol, 5 min each) and were processed for 
in situ hybridization. The same cells were rephotographed 
after in situ hybridization and the results were compared. 

The C-banding technique was as described (Gill and 
Kimber 1974; for review see Gill et al. 1991). The modifica- 
tion of the C-banding procedure for sequential C-banding - 
in situ hybridization analysis included varying the duration 
and temperature of the 0.2 M HCI treatment. In addition to 
the standard treatment of chromosome preparations in 0.2 M 
HCI at 60°C for 2 min, treatment at 37°C and room temperature 
for 10-40 min were applied. After taking photos of the well- 
spread C-banded metaphase chromosome figures, the slides 
were destained in an ethanol series and were processed for 
in situ hybridization. The same metaphase chromosome 
figures were rephotographed after in situ hybridization and 
the results were compared. 

ISH and diaminobenzidine tetrahydrochloride (DAB) detec- 
tion techniques were according to Rayburn and Gill (1985). 
GISH and fluorescence detection techniques were as described 
(Le et al. 1989; Mukai and Gill 1991; Friebe et al. 1993). 
A ribosomal gene clone was used as a probe in ISH. This probe 
contains a single wheat 18S 26S rRNA gene repeat unit that 
originated from plasmid pTa7l (Gerlach and Bedbrook 1979). 

Results 

We tried both ISH/GISH - N-banding and N-/C-banding - 
ISH/GISH sequential combinations. The results of the 
sequential ISH/GISH - N-banding experiments showed 
that (/) the quality of N-banding following ISH with dif- 
ferent probes was always poor; (it) it was difficult to 
remove the hybridization signal detected with the DAB 
method (the banding result was better after fluorescence 
than after DAB detection); and (Hi) it was impossible to 
get good banding following GISH. 

The experiments involving sequential N-/C-banding - 
ISH/GISH procedures were much more successful. Despite 
some loss of resolution, both ISH and GISH were suc- 
cessfully performed after the standard N-banding. The 
resolution was improved by deleting the hot acetic acid 
treatment used in the standard N-banding procedure. 
Although the quality of the bands using the modified 
N-banding technique was usually not as good as that of 
the standard technique, all the N-bands on 16 pairs of CS 
wheat were consistently observed (Endo and Gill 1984). 
The smallest 18S 26S ribosomal gene cluster on chromo- 
some 7D of CS (see Mukai et al. 1991) was localized with 
the modified N-banding - ISH procedure, indicating little 
loss of the ISH resolution (Fig. 1). 

Figures 2a and 2b show a part of a cell of KS92WGRC 1 9 
by the procedure of modified N-banding - GISH using 
genomic DNA of rye as a probe. T1AL1RS had no 
N-bands. T4BS 4BL-6RL showed a large N-band near 
the centromere on both arms. The breakpoints on both 
translocation chromosomes were clearly localized by the 
subsequent GISH. 

Standard C-banding - ISH/GISH combinations reduced 




Fig. I. Sequential modified N-banding - ISH (using 18S- 
26S ribosomal genes as a probe) analysis of 'Chinese Spring' 
(CS) wheat, (a) A part of a cell of CS with the modified 
N-banding. (b) The same cell after ISH, The N-band (arrow) 
on the short arm is diagnostic for the identification of this 
chromosome as 7D. The subsequent ISH locates an rRNA 
locus on the long arm of 7D (arrowhead). 

the resolution of the ISH/GISH compared with N-banding - 
ISH/GISH combinations. The resolution of ISH and GISH 
was improved by the use of a modified C-banding proce- 
dure. In one experiment, we found that if the chromo- 
some preparations were incubated in 0.2 M HCI at room 
temperature for 30 min, then the resolution of the GISH 
was better than with the standard HCI treatment. Most 
of the C-bands were visualized, although the quality of 
C-banding was decreased owing to the modification of 
the HCI treatment. 

A part of a cell of KS92WGRCI9 with modified 
C-banding - GISH procedure is shown in Figs. 2c and 2d. 
The rye-specific C-bands on IRS of T1AL1RS are 
clearly visible. Faint rye-specific C-bands on 6RL are 
also visible on T4BS -4BL-6RL. Although the contrast 
between the rye chromosome arm/segment and the wheat 
chromosomes in the subsequent GISH was not as good as 
that with the modified N-banding - GISH method, the 
location of breakpoints of the wheat-rye translocation 
chromosomes are still clear. 

Discussion 

Various combinations of chromosome banding tech- 
niques, i.e., G-, Q-, and replication banding, with in situ 
hybridization are routinely used in human chromosome 
analysis (see review by McNeil et al. 1991). Most of the 
combined techniques need separate photographic processes 
for the banding and in situ hybridization analyses. How- 
ever, the techniques of simultaneous visualization of ISH 
signals and G-bands identified by bromodexyuridine (BrdU) 
incorporation are also available (Bhatt et al. 1988; Lawrence 
et al. 1990). These techniques have greatly facilitated 
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Fig. 2. Sequential modified N-/C-banding - GISH analysis of a wheat-rye translocation line KS92WGRC19. Arrows and 
arrowheads point to the breakpoints of the wheat-rye translocation chromosomes. Arrows, translocation chromosomes T1AL- 
IRS; arrowheads, translocation chromosomes T4BS • 4BL-6RL. (a) A part of a cell of KS92WGRC19 with modified N-banding. 
(b) The same cell after GISH. (c) A part of a cell with modified C-banding (0.2 M HC1 at room temperature for 30 min). 
(d) The same cell after GISH, 



the physical mapping of human genes by ISH, as they 
allow chromosome identification and gene localization 
in one step. 

The quality of banding after ISH may be variable and 
less optimal owing to morphological changes during chro- 
mosome denaturation (Lichter et al. 1991). The Giemsa- 
trypsin technique produces the highest resolution banding 
pattern for human chromosomes. However, trypsinization 
weakens the ISH signal (Lawrence et al. 1990). Thus, the 
application of this technique was limited. Replication 
banding and some other banding techniques, such as 
DAPI staining, do not interfere with ISH and are more 
widely used (McNeil et al. 1991). 

In plants, sequential ISH (using radioactive probe) - 
C-banding analysis was reported on rye chromosomes 
(Hutchinson and Seal 1983). The resolution of the sub- 
sequent C-banding was reduced according to the authors* 
illustration. Sequential ISH (using biotin-labeled probes) - 
N-banding technique gave poor results in our hands. 
Furthermore, the results of GISH - N-banding were even 
more unsatisfactory. 

Based on our results, the modified N-banding - ISH 
(using I8S 26S ribosomal genes as a probe) and modified 
N-banding - GISH gave excellent resolution. In fact, we 
consistently obtain better ISH and GISH contrast using 
the above procedures compared with standard ISH or 
GISH (without prior banding) using the same probes and 
same materials. It is not known why the contrast of ISH 



and GISH was improved after the modified N-banding. 
The hot acetic acid and HC1 treatments in the regular 
N- and C-banding procedures are probably the major 
factors affecting the resolution of the subsequent ISH and 
GISH. 

Although the modified N-banding - ISH/GISH gave 
the best results in the present study, unfortunately, not all 
the wheat chromosomes are marked with N-bands. In 
fact, the N-banding technique has been applied only to a 
limited number of plant species for chromosome identifi- 
cation, whereas C-banding is the most widely applicable 
banding technique in plants (Gill and Sears 1988). There- 
fore, we tried several modifications of the C-banding - 
ISH/GISH procedures. By modification of the 0.2 M HC1 
treatment in the present case, the modified C-banding- 
GISH technique showed sufficient resolution to locate 
the breakpoints and specific chromosomes in wheat-rye 
translocations. Therefore, the sequential C-banding - 
ISH technique should find wide application in cytogenetic 
and molecular analysis of chromosome structure and 
function. 
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Abstract. We have used combined fluorescent and ge- 
nomic in situ hybridization (FISH/GISH) together with 
4 / ,6-diamidino-2-phenylindole (DAPI) counterstaining 
to determine simultaneously the chromosome integration 
site and subgenomic allocation of a transgene in-sert in 
amphidiploid tobacco (Nicotiana tabacum, 
2n = 4x = 48). The procedure provides sufficient infor- 
mation on physical markers to identify at least 20 out of 
24 chromosome pairs of two tobacco cultivars common- 
ly used in studies on transgene expression and silencing 
(cv. Petit Havana SRI and cv. Gatersleben). The chro- 
mosomes can be distinguished on the basis of diploid 
parental ancestry, size, morphology, the presence of 
rDNA loci and/or intergenomic exchanges, and the 
DAPI banding pattern, which is shown here for the first 
time for N tabacum. From a single ISH experiment, it 
should now be possible in most cases to identify a tobac- 
co chromosome carrying a transgene insert, thus permit- 
ting systematic studies of how the chromosome location 
of transgenes influences expression levels. 



Introduction 

transgene plants are used widely to study fundamental 
aspects of gene expression, and are becoming available 
commercially as the products of agricultural biotechnol- 
ogy. Although it is possible to obtain plant lines that sta- 
bly express transgenes, there are numerous reported 
cases of unstable expression (Finnegan and McElroy 
1994; Matzke and Matzke 1995) and progressive silenc- 
ing of transgenes over generations (Kilby et al. 1992; 
Register et al. 1994). When examining factors that might 
influence transgene expression, an important consider- 
ation is the chromosome location. There are only a few 
cases, however, for which transgenes have been both lo- 
calized to specific chromosome regions and analyzed in 
detail with respect to expression levels and inheritance 
patterns (Matzke et al. 1994; Park et al. 1996). Thus, 
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even though significant progress has been made in refin- 
ing in situ hybridization (ISH) techniques over the last 
ten years (Jiang and Gill 1994), molecular cytogenetic 
analyses have not yet been extensively exploited to study 
transgene germ plasm (Gill 1995). 

Tobacco {Nicotiana tabacum) is used frequently for 
studies on transgene expression, primarily because it is 
relatively easy to transform with foreign genes and to re- 
generate entire fertile plants from single transformed 
cells. Transgene silencing has been studied intensively in 
tobacco at the genetic and molecular levels (Vaucheret 
1993; Matzke et al. 1994; Park et al. 1996). In principle, 
therefore, transgene tobacco lines would provide abun- 
dant material for analyzing the relationship between the 
stability of gene expression and chromosome location. 
Progress in this endeavor, however, has been hindered by 
problems in distinguishing many chromosomes of tobac- 
co, which is an amphidiploid (2n = 4x = 48) derived from 
two diploid progenitors [N sylvestris (S genome) and ei- 
ther N. tomentosiformis, N. otophora or N. tomentosa (T 
genome)]. Recently, the use of genomic in situ hybridiza- 
tion (GISH) (Schwarzacher et al. 1989; Anamthawat- 
Jonsson and Reader 1995; Bennett 1995) has led to im- 
provements in identification by permitting the categoriza- 
tion of tobacco chromosomes according to whether they 
belong to the S or T subgenome, and whether they con- 
tain rDNA loci or intergenomic exchanges (Kenton et al. 
1993; Parokonny and Kenton 1995). Detecting single 
copy or low copy number transgene inserts by fluores- 
cent in situ hybridization (FISH) can also be difficult, al- 
though transgene loci ranging in length from ca 10 kb 
(Wang et al. 1995) to 17 kb (Ambros et al. 1986a, b) have 
been localized on plant chromosomes. Recently, a 2.7 kb 
probe has been used to localize a transgene insert by 
FISH in Petunia (Fransz et al. 1996). 

Despite the promise held by transgene tobacco plants 
for studying correlations between transgene expression 
and chromosome location, what has been lacking up un- 
til now is an uncomplicated ISH procedure that permits 
concomitant visualization of the transgene insert togeth- 
er with markers for chromosome identification. Here, we 
demonstrate that FISH and GISH can be combined to 
detect simultaneously the chromosome integration site 
and subgenomic allocation of a transgene locus in tobac- 
co. (In this paper, we reserve the term FISH for detection 
of single transgene loci using plasmid probes, and GISH 
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to refer to the use of genomic probes to paint separately 
the two tobacco subgenomes.) Counterstaining with 
4^6-diamidino-2-phenylindole (DAPI) reveals a distinc- 
tive heterochromatic banding pattern for most of the 
chromosomes. The cumulative information obtained 
from this procedure should allow in most cases the pre- 
cise identification of tobacco chromosomes carrying 
transgene inserts. 



Materials and methods 

Plant material. Three transformed tobacco plants (N. tabacum) 
were used in this study. One plant was derived from the cultivar 
Gatersleben (H. Vaucheret, personal communication) and con- 
tained the transgene locus 271 in the homozygous condition. 271 
is a multipurpose silencing locus that can inactivate any gene un- 
der the control of either the 35S promoter or the 19S promoter of 
cauliflower mosaic virus, as well as endogenous nitrite reductase 
genes of tobacco (Vaucheret 1993). It has been used extensively to 
study silencing mechanisms (Park et al. 1996). The two other 
plants were derived from the cultivar Petit Havana SRI and corre- 
sponded to lines H9 and H59 (Neuhuber et al. 1994). These plants 
all had normal chromosome complements (2« — 48). The 
chromosome location of the transgene inserts in lines H9 and 
H59, which contain a different construct than line 271, will be re- 
ported separately. 

Chromosome preparation from root tips. Tobacco plants, obtained 
from seeds or cuttings, were grown in hydroponic culture. Col- 
lected root tips (5-10 mm long) were pretreated with p-dichloro- 
benzene-saturated water in the dark for 2 h at room temperature 
(RT), and then Fixed in freshly prepared 3+1 (3 parts 96% ethanol 
plus 1 part glacial acetic acid) for a minimum of 12 h at 4°C. For 
longer storage, root tips were kept at -20°C. After 1 month, 3+1 
was replaced with 70% ethanol. 

chromosome spreads for ISH were prepared as described by 
Park et al. (1996). Before squashing in 45% acetic acid, root api- 
ces were macerated in an enzyme solution (2% cellulase, 1% pec- 
tinase in 0.01 M citrate buffer, pH 4.8) for 20 min. After removal 
of the covers! ip, slides were air-dried for 1-2 days at RT. Before 
hybridization, the spreads were pretreated with RNase A (Sigma, 
Munich) (100 ug/ml in 2*SSC) for 60 min at 37°C. (lxSSC is 
0.15 M NaCI, 0.015 M sodium citrate.) The slides were then 
washed three times for 5 min with 2*SSC and digested with a 
freshly made proteinase K solution (0.1 ug/ml in 20 mM TRIS- 
HC1, pH 7.5, 2 mM CaCl 2 ) (Boehringer Mannheim, Vienna) at 
37°C for 10 min (Fransz et al. 1996) followed by a rinse in 
50 mM MgCl 2 in 1*PBS (10*PBS is 1.3 M NaCI, 0.07 M 
Na 2 HP0 4 , 0.03 M NaH 2 P0 4 ). Slides were fixed in 4% parafor- 
maldehyde in 1 xPBS for 10 min, then rinsed in 1 xPBS and dehy- 
drated in a 70%, 96% and 1 00% ethanol series (P. Fransz, person- 
al communication). 

Labeling of DNA probes, and conditions for ISH. DNA probes 
consisted either of the pRiN transgene construct, which is present 
in multiple copies at the 271 locus (Vaucheret et al. 1992) or total 
genomic DNA isolated from N. sylvestris or N. otophora. The 
plant genomic DNA had been sheared by 20 freeze/thaw cycles 
(Kenton et al. 1993). The DNA samples were labeled by nick 
translation, replacing dTTP with either biotin-1 1-dUTP (Sigma, 
Munich) or digoxigenin-1 1-dUTP (Boehringer Mannheim, Vien- 
na). Labeled DNA probes were denatured at 95°C for 10 min. Hy- 
bridization mixes contained 60% formamide, 5% dextran sulfate, 
2*SSC, 0.01% salmon sperm DNA and probes at a concentration 
of 0.4 or 0.8 ng/ul of hybridization solution for transgene con- 
struct pRiN or plant genomic DNA, respectively. Hybridization 
mixes were heated to 75°C for 10 min, then put on ice for 5 min. 



Pretreated slides were denatured on a hot plate at 80°C for 
10 min. Five microliters of hybridization mix was applied to a 
22^22 mm coverslip, sealed with rubber solution, denatured at 
80°C for 10 min, and incubated overnight at 37°C in a wet cham- 
ber. 

Washing, blocking and fJuorochrome detection. The slides were 
washed at 37°C in 60% formamide, 2xSSC for 15 min followed 
by a wash at 37°C in 2xSSC for 15 min. After a blocking step in 
lxPBS, 3%BSA (bovine serum albumin) at 37°C for 30 min, bi- 
otin- and digoxigenin-Iabeled probes were detected as described 
by Strehl and Ambros (1993): in short, the first set of antibodies 
consisted of Dako-biotin (monoclonal mouse Dakopatts no. 
M743, Dako, Glostrup, Denmark) and sheep anti-digoxigenin- 
FITC (fluorescein isothiocyanate) (Boehringer Mannheim no. 
1207741) in lxPBS, 3% BSA. The second set of antibodies con- 
sisted of rabbit anti-mouse-TRITC (tetramethyl-rhodamine iso- 
thiocyanate) (Dakopatts no. R270) and rabbit anti-sheep-FITC 
(Dakopatts no. F135) in lxPBS, 3%BSA. For both sets of anti- 
bodies, slides were incubated at 37°C for 45 min. Following each 
incubation step, slides were washed three times for 2 min each at 
RTwith lxPBS, 0.1% BSA. 

The spreads were then counterstained/fixed for 3 min with 
DAPI staining solution, which contains 1 (ig/ml DAPI in Mcllva- 
ine buffer (9 mM citric acid, 80 mM Na 2 P0 4 , 2.5 mM MgCl 2 ), 4% 
paraformaldehyde, 1 xPBS. The slides were then rinsed with wa- 
ter, dehydrated through a 70%, 96%, and 100% ethanol series, air 
dried, and mounted in Vectashield mounting medium (Vector Lab- 
oratories, Burlingame, California). 

Fluorescence microscopy, and image acquisition. After ISH, chro- 
mosomes were viewed with a Leitz Laborlux-S fluorescence mi- 
croscope equipped with a MonoCool View CCD camera (Photon- 
ic Science, Kent, England). Red, green, and blue images were 
captured in black and white using N2.1, 13, and A filters for 
TRITC, FITC, and DAPI, respectively. The images were com- 
bined and pseudocolored in the computer using Image Pro Plus 
Software provided with a Create RGB Macro. Photographs were 
printed with a Polaroid TX-2000 video printer. Black and white 
photographs of DAPI fluorescence were taken with Leitz- Vario 
Orthomat2 Camera System, using Kodak T-MAX 400 ASA film. 

Karyotypic analysis. Five metaphase plates per cultivar were used 
for chromosome measurements after double GISH plus DAPI 
counterstaining. In the idiograms, the chromosomes were ar- 
ranged according to the system proposed by Parokonny and Ken- 
ton (1995), although the number assigned here to each chromo- 
some does not always imply homology with the one assigned by 
these authors. 



Results 

Localization of the transgene insert 

Simultaneous FISH and GISH to somatic metaphase 
chromosomes of a transformed tobacco plant (N. taba- 
cum cv. Gatersleben) were performed to determine, re- 
spectively, the chromosome integration site of the 271 
transgene locus and its subgenomic allocation. A biotin- 
labeled pRiN probe containing sequences specific for the 
transgene locus was detected with rhodamine (red)-la- 
beled antibodies; digoxigenin-Iabeled total genomic 
DNA probes of N. sylvestris (Fig. IB) or N. otophora 
(Fig. ID), which hybridize to the S or T fraction of the 
tobacco genome, respectively, were detected with fluo- 
rescein (green)- labeled antibodies. The chromosomes 
were counterstained with DAPI (Fig. 1 A, C). 
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Fig. 1. A-D Fluorescence in situ hybridization/genomic in situ 
hybridization (FISH/GISH) to somatic metaphases of Nicotiana 
tabacum cv. Gatersleben (2n - 48). Orange-red (B) or yellow (D) 
fluorescent spots indicate hybridization to the biotin-labeled pRiN 
probe specific for the transgene insert, and green fluorescence in- 
dicates hybridization to the digoxigenin-labeled genomic DNA 
probes of N. sylvestris (S subgenome) (B) or N. otophora (T sub- 
genome) (D). Unlabeled chromatin, which does not fluoresce, ap- 
pears brown. A, C 4\6-Diamidino-2-phenylindole (DAPI) coun- 
terstaining of the same metaphases as in B and D, respectively. In 
A and B, three chromosomes are missing. Hybridization signals 
corresponding to the pRiN probe in D are yellow, not red, owing 
to green fluorescent painting of the chromosomes carrying the 
transgene insert. Arrows point out the location of the transgene in- 



sert. Arrowheads in B and D show hybridization of both genomic 
probes to the T3 nucleolus organizing regions (NOR)s. 1 E-F Du- 
al GISH to somatic metaphases of N. tabacum cv. Gatersleben 
(2n = 48). In F, red fluorescence shows hybridization to the bi- 
otin-labeled N, sylvestris total DNA probe (S subgenome); green 
fluorescence shows hybridization to the dioxigenin-labeled N. 
otophora total DNA probe (T subgenome). rDNA sites appear yel- 
low owing to hybridization to both genomic probes. E DAPI 
counterstaining of the same metaphase as in F. Arrows indicate 
the NOR-bearing T3 pair; arrowheads show the eight rDNA loci 
(two of these are head-to-head; lower right). Any additional yel- 
low spots are due to overlapping red and green painted chromo- 
somes. Bar represents 10 Jim 
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Fig. 2A-C. Karyotypic diagrams of N. tabacum cv. Petit Havana 
SRI and cv. Gatersleben showing genomic painting (A) and DAPI 
banding patterns (B, C). A Red and green regions indicate S and T 
subgenomes, respectively; yellow regions show rDNA sites. B, C 
White and black segments indicate DAPI bright and dull hetero- 
chromatic bands, respectively; blue areas show euchromatic re- 
gions of indifferent fluorescence. Bar represents 3 um 



The FISH signal of the 271 transgene locus was ob- 
served on the long arm telomeres of a nucleolus organiz- 
ing region (NOR)-bearing chromosome pair as reported 
previously (Park et al. 1996). Here, we have further re- 
fined the position of this transgene by localizing it to the 
T subgenome (Fig. 1A-D). This pair is one of the long- 
est subtelocentrics of the tobacco karyotype (T3; Fig. 2). 
In addition to its active rDNA site, another marker is the 
presence of a large single (occasionally observed as a 
double) DAPI-positive heterochromatic band, which is 



in an intercalary position on the long arms (Figs. 1A, C, 
E, 2C). 



Physical markers aiding in the identification 
of tobacco chromosomes 

Dual GISH was applied to the 271 plant (cv. Gatersleb- 
en) (Fig. IF), and to plants of cv. Petit Havana SRI. For 
this analysis, the probes consisted of N. sylvestris ge- 
nomic DNA labeled with biotin and detected with rhoda- 
mine-labeled antibodies and N. otophora genomic DNA 
labeled with digoxigenin and detected with fluorescein- 
labeled antibodies. After GISH, the chromosomes were 
counterstained with DAPI (Fig. IE). The idiograms de- 
rived from the karyotypic analysis are shown in Fig. 2. 
Both cultivars displayed the same karyotype after double 
GISH, which distinguished two subsets of differentially 
painted chromosomes corresponding to the S and T sub- 
genomes of tobacco. Twelve pairs fluoresced predomi- 
nantly or completely red because they hybridized to the 
biotin- labeled total genomic DNA from N. sylvestris (S 
subgenome). The remaining 12 pairs fluoresced mostly 
or completely green after hybridization to digoxigenin- 
labeled total genomic DNA from N. otophora (T subge- 
nome). Four chromosome pairs were found to be homo- 
zygous for intergenomic translocations: S2/tl, Sll/t2, 
T9/t3 and T11A4. rDNA loci are present on the short 
arms of four chromosome pairs: three of them are from 
the S subgenome, SIO, Sll/t2, and SI 2, and one pair, 
T3, is from the T subgenome. These rDNA sites appear 
yellow after dual GISH because they hybridize to both 
genomic probes. The rDNA sites will also fluoresce 
when only one genomic probe is used - regardless of 
whether this probe is derived from N. sylvestris or N. 
otophora - because the rDNA loci from the two sub- 
genomes are homologous (Fig. IB, D). In these cases, 
the color of the rDNA loci depends on the fluorochrome 
used to detect the genomic DNA probe. The rDNA re- 
gion located on T3 of both the Gatersleben and SRI 
cultivars, and that on SIO of SRI are associated with 
secondary constrictions, and can thus be considered 
NORs. 

In cv. Petit Havana SRI the DAPI banding pattern is 
most complex in the large metacentrics of the S subge- 
nome S1-S5, where one or more intercalary bands of 
different size as well as terminal bands are present in 
one or both arms.The differences in the DAPI banding 
pattern allow the large metacentrics of the S subgenome, 
which otherwise lack markers (with the exception of the 
translocated T chromatin on S2), to be distinguished 
from each other. 

Most of the subtelocentrics S6 t S7, S9 to SI 2; Tl to 
T3 display one or more intercalary DAPI-positive seg- 
ments in the long arm; band complexes in S9, Tl, and 
T3 are the largest of the karyotype. Terminal bands 
corresponding to the rDNA loci are DAPI-dull. 

The small chromosomes [small submetacentrics (S8, 
T4, T6, and T8) and metacentrics (T5, T7, and T9/t3 to 
T12] - all of which, with the exception of S8, belong to 
the T subgenome - are relatively deficient in DAPI 
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bands. Small intercalary bands are located on the long 
arms of submetacentrics S8 and T4 and metacentrics T7 
and T10. Tiny DAPI-enhanced dots were found at the 
long arm telomeres of the submetacentric T6 and the 
metacentrics T7 and Tl l/t4. 

Five chromosome pairs of cv. Petit Havana SRI are 
unbanded after DAPI: S7, T5, T8, T9/t3, and T12. How- 
ever, because S7 alone belongs to the S subgenome and 
T9/t3 is a recombinant chromosome, difficulties in iden- 
tification remain only for T5, T8, and T12. 

Differences in the DAPI banding pattern of cv. Ga- 
tersleben in comparison with cv. Petit Havana SRI were 
found for the following chromosomes: SI, S5, S7, S9, 
Sll/t2 , S12, Tl, T7 and T10. In this Gatersleben sam- 
ple, five chromosomes lack DAPI banding: T5, T7, T8, 
T9/t3, andT12. 



Discussion 

To take full advantage of tobacco for investigating the 
relationship between transgene expression and 
chromosome location, reliable chromosome identifica- 
tion is required in addition to streamlined ISH proce- 
dures. However, the use of molecular cytogenetic tech- 
niques to analyze transgene tobacco lines has been ham- 
pered by difficulties in identifying many tobacco chro- 
mosomes and by time-consuming sequential FISH/GISH 
procedures. Here, we show that these problems can be 
largely overcome by performing combined FISH/GISH 
along with DAPI counterstaining. With the information 
on physical markers available from this technique, it is 
possible to distinguish 20-21 out of 24 chromosome 
pairs of tobacco. The significantly improved amenability 
of transgene tobacco to molecular cytogenetic analysis 
will allow researchers to address fundamental questions 
such as whether transgenes insert into heterochromatic 
regions (e.g. DAPI bands) and remain active there, and 
whether the S and T subgenomes are equally frequent 
targets for transgene integration. Moreover, the localiza- 
tion of transgene inserts on different tobacco chromo- 
somes will provide molecular markers that are useful for 
gene mapping. 

The GISH and DAPI karyotypes for two tobacco 
cultivars that have been used extensively for studies on 
transgene expression, cvs. Petit Havana SRI and Gaters- 
leben, are presented here. For SRI, only three small 
chromosomes of the T subgenome (T5, T8, and T12) are 
deficient in markers and difficult to distinguish. Even in 
these cases, however, slight differences in size and mor- 
phology — T5 is the largest and T12 the smallest in the 
group of small metacentrics, while T8 is submetacentric 
- can be of value in identification efforts. For Gatersleb- 
en, four small chromosomes remain indistinguishable: 
the three mentioned above for SRI and in addition, T7, 
which lacks the two DAPI bands that are visible in SRI . 

The combined FISH/GISH procedure was used to de- 
tect simultaneously the chromosome integration site and 
subgenomic allocation of the transgene locus, 271. This 
locus has previously been localized on the long arm telo- 
mere of an NOR-bearing chromosome (Park et al. 1996). 



GISH has now allowed us to identify this chromosome 
as T3 according to the tobacco karyotype presented here 
and that described for another cultivar, 095-55 (Par- 
okonny and Kenton 1995). Although the 271 locus is es- 
timated to comprise 6-7 copies of the 8.3 kb pRiN 
transgene construct (Park et al. 1996), which would add 
up to ca 50-60 kb, preliminary data indicate that com- 
bined FISH/GISH can be used to localize tobacco 
transgene inserts that contain 1-2 copies of a construct 
that is ca 10 kb (E.A. Moscone and A.J.M. Matzke, un- 
published results). 

Together with a ca 30 kb transgene locus that has re- 
cently been detected in the S subgenome in an aneuploid 
tobacco line (Papp et al. 1996), the 271 locus is among 
the first to be localized to one of the subgenomes of to- 
bacco. From these two examples, it appears that each 
subgenome can be a target for the integration of 
transgenes. Recently, a 20-25 kb gemini virus-related 
DNA sequence (GRD) has been localized on a small 
chromosome pair identified as T4 from the T subgenome 
of tobacco (cv. SRI) using sequential FISH/GISH (Ken- 
ton et al. 1995; Parokonny and Kenton 1995). 

GISH distinguishes strikingly between the two sub- 
genomes of tobacco. Because in single-color GISH ex- 
periments, all four rDNA loci will hybridize to either an 
N. sylvestris or an /V. otophora probe, it is necessary to 
distinguish these signals from intergenomic exchanges. 
This is possible, though, because the rDNA sites are at 
the end of the short arms of subtelocentrics (S10, SI l/t2, 
SI 2, and T3), whereas translocations are either at the 
end of the long arm of a large metacentric (S2/tl), a sub- 
telocentric (S11A2) or small metacentrics (T9/t3, 
Tl l/t4). 

We observed four recombinant chromosome pairs in 
the SRI and Gatersleben karyotypes. This is one fewer 
than reported previously for SRI (Parokonny and Ken- 
ton 1995). The S2/tl and SI l/t2 translocated pairs in our 
karyotypes clearly correspond, respectively, to those de- 
noted S2/ST1 and S11/ST2 by Parokonny and Kenton 
(1995). The relationship between our T9/t3 and Tll/t4 
recombinants to those described previously is less cer- 
tain. They may correspond to T9/TS3 and T11/TS6, re- 
spectively, although according to Parokonny and Kenton 
(1995), the latter pair contains intergenomic exchanges 
in both arms, which we did not observe in Tl l/t4. Ken- 
ton and coworkers also applied DAPI counterstaining af- 
ter FISH in tobacco (Kenton et al. 1993), but unlike the 
complete karyotypes shown here, they presented the 
banding pattern only for three rDNA-bearing pairs, ST2, 
S2, and Tl (these correspond, respectively, to the pairs 
we have designated SI 1A2, SI 2, and T3). 

In summary, considerable information on the 
chromosome location of transgene inserts in tobacco can 
be obtained in a single ISH experiment together with 
DAPI counterstaining: (1) FISH reveals the chromosome 
integration site of the transgene; (2) GISH indicates 
whether the chromosome containing the transgene is 
specific to the S or T subgenome and allows the detec- 
tion of intergenomic translocation chromosomes; (3) 
DAPI counterstaining reveals a complex pattern of het- 
erochromatic regions that serve as chromosome land- 
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marks. With this approach, tobacco thus becomes a 
tractable model plant to use in molecular cytogenetic an- 
alyses of transgene germ plasm. 
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Summary 

A plant expression cassette was constructed using the cauliflower mosaic virus 
35S 5' regulatory region with the enhancer duplicated and the 35S polyadenylation 
signal. Insertion of a polylinker between the transcription initiation and polyadeny- 
lation sites allows for easy cloning of genes. To test the usefulness of the cassette 
chimeric bacterial genes were prepared. The constructs were introduced into Nico- 
tiana tabacum suspension culture cells by the particle bombardment process. Ex- 
pression of the ^-glucuronidase reporter gene was verified by histochemical staining. 
Stable kanamycin and hygromycin resistant transgenic lines were obtained after 
introduction of chimeric genes encoding the enzymes neomycin phosphotransferase 
and hygromycin B phosphotransferase, respectively. The number of stable transfor- 
mants was approximately 2% of the cells that transiently expressed the /*- 
glucuronidase reporter gene. 

Plasmid, pFF; CaMV sequence; Foreign gene; Plant 



Introduction 

Expression cassettes are modules of 5' and 3' regulatory regions for the construc- 
tion of gene fusions with prokaryotic or eukaryotic genes. They are used to analyze 
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specific regulatory sequences, to serve as internal controls (Kuhlemeier et al., 1987) 
or to express marker genes for the selection of drug-resistant cell lines. Chimeric 
gene constructions utilized regulatory sequences obtained from T-DNA opine 
synthase genes (Bevan et al., 1983; Fraley et al., 1983; Herrera-Estrella et al., 1983), 
from a variety of plant genes such as the small subunit of ribulose 1,5-biphosphate 
carboxylase (Herrera-Estrella et al., 1984; Broglie et al., 1984), or from cauliflower 
mosaic virus (CaMV). Because a high level of expression is often a critical factor, 
the relative strengths of some of these plant promoters have been evaluated. 
Quantitative measurements of transcript levels in transformed tobacco cells (Morelli 
et al., 1985; Harpster et al., 1988) or transgenic petunia plants (Sanders et al., 1987) 
showed that the CaMV 35S promoter is at least 30 times stronger than the widely 
used nopaline synthase (NOS) promoter. 

The 35 S promoter is a viral promoter isolated from cauliflower mosaic virus, a 
DNA virus that infects members of the Cruciferae. Information on the complete 
nucleotide sequence of CaMV (Gardner et al., 1981) and on the 35S transcriptional 
start site (Covey et al., 1981; Guilley et al., 1982) is available. Comparison of 
transcript levels of various deletion mutants of the 35 S promoter identified the 
— 343 to —46 upstream region as being responsible for the majority of the 35S 
promoter strength (Odell et al., 1985). Multiple cis regulatory elements were 
identified within this region not only regulating the level of transcription but also 
conferring tissue specificity and developmental control (Odell et al., 1987; Ow et al., 
1987; Benfey et al.; 1989; Fang et al., 1989). The - 343 to - 90 fragment was shown 
to be of interest because of its enhancer-like properties. When cloned 5' of the NOS 
promoter, a 3-fold increase in transcription levels was measured (Odell et al., 1988). 
Duplication of the —343 to —90 sequences resulted in a 10-fold transcriptional 
enhancement (Kay et al., 1987). 

Although construction of expression cassettes utilizing the 35S promoter has been 
reported before (Pietrzak et al., 1986; Topfer et al., 1987), these do not use the full 
potential of the 35S enhancer sequences. We have constructed cassettes consisting of 
the duplicated 35 S enhancer, the promoter region and polyadenylation signal. The 
unique restriction sites outside the cassettes facilitate subcloning it into other 
vectors and make the 5' and 3' regulatory regions interchangeable with 5' and 3' 
sequences of other genes. A polylinker between the 5' and 3' exacting elements 
facilitates easy construction of chimeric genes. 

The new expression cassette was tested by inserting the well characterized genes 
for the enzymes neomycin phosphotransferase type II (NPT II) (Bevan et al., 1983; 
Fraley et al., 1983; Herrera-Estrella et al., 1983), hygromycin B phosphotransferase 
(HPH) (Van den Elzen et al., 1985; Waldron et al., 1985) and ^-glucuronidase 
(GUS) (Jefferson et al., 1986). We employed the particle bombardment process to 
introduce these chimeric gene constructs into suspension culture cells of Nicotiana 
tabacum. Histochemical staining for GUS activity was used to monitor transient 
expression one day after bombardment. Gene fusions with the NPT II and HPH 
coding regions were tested by selection of kanamycin and hygromycin stable 
transgenic lines. 
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Materials and Methods 

Bacterial strains and plasmids 

DNA constructions were carried out in E. coii strain JV30 (Vieira and Messing, 
1987). Single-stranded DNA template for mutagenesis was prepared in E. coli strain 
BW313 (Kunkel, 1985). Plasmid pUC120 is identical to plasmid pUC118 except 
that it has a Ncol site 5' to the EcoRl site (Vieira, 1988). 

DNA manipulations 

All DNA manipulations were performed as described previously by Maniatis et 
al. (1982) except for the preparation of single-stranded DNA which was prepared 
according to Vieira and Messing (1987). Oligonucleotide directed in vitro mutagene- 
sis was carried out as described by Zoller and Smith (1984) and Kunkel (1985). 

Introduction of DNA into cells by the particle gun 

Suspension cultures of Nicotiana tabacum (line XD) were maintained in 250-ml 
Erlenmeyer flasks containing 50 ml of RMS medium (Klein et al., 1988a) and 
agitated under continuous light at 28° C. The cells were subcultured approximately 
every 4 days. Suspension culture cells (5 ml) were evenly distributed over a 
Whatman No. 4 filter paper (diameter 5.5 cm) using a Buchner funnel. The filter 
paper with cells was then placed on a RMS plate (0.7% agarose). 

Tungsten particles (1 /im; 25 mg) were cleaned in 1 ml absolute ethanol by 
sonication at maximum power for 10 min. The particles were sedimented by 
centrifugation (2 min), washed twice with sterile distilled water, and resuspended in 
0.5 ml of sterile distilled water. Tungsten was prepared for transformation by 
mixing 25 \i\ of the suspension with 2 /ig DNA, dissolved in 5 ^1 TjoE^buffer (10 
mM Tris, pH 8.0, 1 mM EDTA), 25 /il 1.0 M CaCl 2 and 10 /il 0.1 M spermidine. 
The particle/DNA mixture was incubated on ice for 2 min and centrifuged for 1 
min in the Eppendorf centrifuge after which 30 /utl of the supernatant was removed. 
The remaining solution was sonicated for 1 or 2 s. Two /il of the DNA-coated 
tungsten suspension was placed on the microprojectile for each bombardment which 
was performed as described by Klein et al. (1988b). 

GUS assay 

Cells were incubated on the filter paper on RMS medium for approximately 24 h 
at 28 °C following bombardment. The filter paper was then transferred to a sterile 
Petri dish. GUS substrate mixture containing potassium ferricyanide (5 mM), 
potassium ferrocyanide (5 mM), sodium phosphate buffer (0.1 M, pH 7.0), Triton 
X-100 (0.06%, v/v) and the synthetic GUS substrate, 5-bromo-4-chloro-3-indoyl-i8- 
D-glucuronic acid (0.3%, w/v) (Jefferson, 1987; Klein et al., 1988b), was pipetted 
dropwise onto the cells in order to cover all cells. After incubation overnight at 
37°C, the cells expressing GUS were counted under a dissecting microscope. 

Selection of kanamycin or hygromycin resistant calli 

Following bombardment, the cells were incubated on the filter paper on RMS 
medium for 2 d at 28°C without drug selection. The filter paper was then placed in 



336 



a sterile flask with 30 ml RMS medium (0.5% agarose) containing 50 /*g ml" 1 
kanamycin or 30 ft g ml -1 hygromycin. The cells were resuspended from the filter 
and pipetted on three RMS plates (10 ml suspension per plate) containing the same 
antibiotic and at the same concentration as the top layer. Resistant calli were 
identified after 3-5 weeks of incubation at 28 °C. Resistance of the selected calli 
was verified by their ability to repeatedly grow on the same selective medium. 

Southern analysis of resistant calli 

Genomic DNA was isolated from 10-15 g of calli. The tissue was ground in 20 
ml extraction buffer (100 mM Tris, pH 8.5, 100 mM NaCl, 20 mM EDTA and 1% 
Sarcosyl) using a homogenizer. The tissue homogenate was extracted twice with 
phenol/chloroform and once with chloroform alone, then the DNA was alcohol- 
precipitated. The pellet was resuspended in T^E^buffer (10 mM Tris, pH 8.0, 1 
mM EDTA) and the DNA further purified on CsCl density gradients (Maniatis et 
al., 1982). DNA (5 /*g) was digested with the appropriate restriction enzymes, 
electrophoresed through 1% agarose, and transferred onto nitrocellulose filter. 
Hybridisation was carried out with the coding region of the appropriate genes using 
nick- translated 32 P-labeled DNA. Digestions, electrophoresis, DNA transfer, nick 
translation and Southern blot hybridisation were performed as described by Mania- 
tis et al. (1982). 



Results 

Construction of expression cassette pFF19 

The 5' and 3' terauni of the 35S transcript have been mapped with SI nuclease 
and showed an overlapping sequence of 200 nucleotides (Covey et al., 1981; Guilley 
et al., 1982). The 35S 5' region and polyadenylation signal could therefore be 
isolated on a single small DNA fragment. These regulatory sequences from the 
CaMV strain CM1841 (Gardner et al., 1981) were cloned as a Hindi (7016)-#g/II 
(7674) fragment into the Hincll-BamYLl sites of pUC120 forming the clone pFFlO 
(Fig. 1). With the lacZ and 35S promoters being in opposite orientations, read 
through from the lacZ promoter was eliminated. To allow for easy cloning of the 
different genes in between the 35S 5' and 3' regions, it was necessary to introduce a 
multiple cloning site at that position. Oligonucleotide directed in vitro mutagenesis 
was used to introduce a unique Xhol site to separate the two regulatory regions. 
Subsequently, the remaining pUC120 polylinker sites were eliminated as described 
in the legend of Fig. 1, to enable the insertion of a unique polylinker in the Xhol 
site (see below). Duplication of the 35S enhancer sequence in pFF15 was achieved 
by cloning the 329 bp EcoRV-Hindlll fragment from pFF14 into the Hindl-Hindlll 
sites from pFF12 (Fig. 1). 

As a final step a multiple cloning site was introduced resulting in the vector 
pFF19 (Fig. 2). The polylinker of vector pFF19 derives from plasmid pIC20h 
(Marsh et al., 1984). The EcoBl, EcoRY and Clal restriction sites were deleted 
from the pIC20h polylinker by digesting pIC20h with Sstl and ligation of the 
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plasmid. The sites were eliminated because the same sites are present at other 
positions in pFF19. The remaining polylinker was excised as a /f/wdlll-mung bean 
nuclease-treated fragment and ligated into the Xhol site from pFFIS which was 
filled in with Klenow fragment. Removing the 5' protruding ends generated by the 
/ft/i dill restriction endonuclease rather than filling them in had two effects. It 
created a unique Nsil recognition site adjacent to the Sphl site and more im- 
portantly, it prevented the reformation of the Hindlll sites when ligated into the 
Xhol site filled in with Klenow fragment. Both the 35S 5' region and the poly(A) 
addition signal therefore have unique flanking restriction sites allowing them to be 
easily substituted by 5' and 3' regulatory sequences of other genes. 

Chimeric gene constructions 

The GUS coding region was cloned as a Pstl fragment from pRAJ260 (Jefferson 
et al., 1986) into the Pstl site from pFF19 to produce pFF19G (Fig. 2). 

Before cloning the Tn5 NPT II gene-coding region into our expression vector, we 
deleted the upstream ATG which is located 16 bp 5' of the real translation initiation 
site. Deletion of this ATG ensures for initiation at the right start codon and 
therefore allows a higher level of drug selection (Rogers et al., 1985). The NPT II 
gene was digested with Bcll-Ahall and ligated into Bglll-Clal digested pIC20h 
vector (Marsh et al., 1984) resulting in the plasmid pIC20h5K/. The 5' end of the 
NPT II coding region was cloned as a 250 bp Mbol-Taql fragment into the 
BamHl-Clal sites of pIC20h forming pIC250neo. Since the Mbol site is located in 
between the two ATGs, this 250 bp fragment only contains the right translational 



CqMV CM 1 84 1 PUC120 
Hindi (7016) - Bglll (7674) Hindi - BomHI 




Fig. 1 Construction of plasmid pFF19. The 658 bp Hindl-Bgl 11 fragment from the CaMV strain 
CM 1841 was cloned into the //7/icII-BamHI sites from pUC120 to yield pFFlO (A). Mutagenesis was 
used to change nucleotides 7477 and 7479 (CM1841 map positions) from Ts to Gs, creating a unique 
Xhol site (7474) yielding pFFll (B). The flanking Sstl f Kpnl and Smal restriction sites were deleted by 
digestion with Sstl and Smal, treatment with the Klenow fragment and ligation of the blunt ends 
yielding pFF12 (Q. Similarly, the Hindi, Pstl and Sphl sites were deleted yielding pFF14 (D). The 35S 
enhancer was duplicated by inserting the EcoRV-Hindlll fragment from pFFl4 into the Hindl-Hindlll 
sites of pFF12 yielding pFFIS (E). The polylinker was inserted as a Mung Bean nuclease treated Hindlll 
fragment into the Xhol site of pFFIS which was filled in with Klenow fragment yielding pFF19 (F). 
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start site. The unique Pstl site from the NPT II gene is also present on this fragment 
and was used to combine the 3' end of the gene with this isolated 5' end. To do so 
pIC20h5K / was digested partially with Pstl and completely with Xhol. The 3.3 kb 
fragment was isolated and ligated to the 250 bp Pstl-Sall fragment from pIC250neo. 
The resulting clone, pICNeo6, has the entire coding sequence from the Tn5 NPT II 
gene with the upstream ATG removed. It was digested with EcoRl, treated with 
Mung Bean nuclease and subsequently digested with Sstl. To construct the plasmid 
pFF19K, this fragment was cloned into the Sstl and Sphl (blunt-ended with 
Klenow fragment) sites of pFF19 (Fig. 2). 




PFF19K 



35S 



35S 



Z </> X 



NPT 1 1 



So 



enh 



prom 



0.9kb 



polyA 




PFF19H 



IB 



enh prom 1.1 kb polyA 

329bp 462bp 203bp 

Fig. 2. The expression cassette pFF19 (A) and chimeric genes to express the GUS, NPT II and HPH 
enzymes (B). The direction of transcription of the regulatory and coding regions is indicated by the 
arrows. Restriction sites shown in italics are not unique because they are also present in the coding 

sequence of the reporter gene. 
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TABLE 1 



The number of GUS-expressing cells and kanamycin or hygromycin resistant clones after bombardment 
with plasmids pFF19G, pFF19K and pFF19H, respectively 



pFF19G 




pFF19K 




pFF19H 




Exp. I 


Exp. II 


Exp. I 


Exp. II 


Exp. I 


Exp. II 


126 


336 


5 


5 


5 


3 


153 


268 


2 


3 


2 


4 


57 


109 


6 


2 


3 


4 


138 


418 


1 


5 


2 


3 






1 


2 


1 


5 






2 


3 


2 


7 






2 


4 


2 


3 






1 


3 


4 


4 






5 


6 


5 


2 








5 


3 


3 


Average 119 


283 


2.5 


3.8 


2.9 


3.8 



Plasmid pJD214Hy (Dougherty and Temin, 1986) was used to clone the HPH 
coding region into our expression cassette. This plasmid contains the HPH gene 
from pLG89 (Gritz. and Davies, 1983) flanked at the 5' end by a polylinker which 
includes a Xhal, Sail and Pstl site and at the 3' end by a Clal site. The 1.1 kb 
Clal-Sall fragment from pJD214Hy was ligated into Sphl-Sall digested pFF19 
after treating the protruding ends of the Clal and Sphl restriction sites with Klenow 
fragment (Fig. 2). In the resulting plasmid pFF19H, there are no unique sites 
flanking the 35S polyadenylation signal, because of the presence of both an EcoRl 
and a Ncol site within the hygromycin coding sequence. 

Transient gene expression assay with pFF19G 

The chimeric construct pFF19G was introduced into N. tabacum suspension 
culture cells by bombardment with the particle gun to analyze if the 35S regulatory 
regions of the pFF19 expression cassette would lead to transient expression of the 
chimeric gene. After a 1-d incubation, the bombarded cells were treated with the 
GUS histochemical substrate mixture. GUS expressing cells develop a distinctive 
blue color which can be easily detected microscopically. The number of blue cells in 
independent bombardments was determined and is given in Table 1. In two 
different experiments, an average of 119 (Experiment I) and 283 (Experiment II) 
cells expressed GUS, with a variation between 57 and 418 blue cells per bombard- 
ment. 

Selection of kanamycin and hygromycin resistant clones 

In order to test the efficiency of the chimeric NPT II and HPH genes for 
obtaining stable transformants, XD cells were bombarded with plasmids pFF19K 
and pFF19H. The bombarded cells were incubated for 2 d without drug selection to 
allow expression of the resistance gene. Stable transformants were then selected by 
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embedding the cells in medium containing 50 /xg ml -1 kanamycin or 30 /ig ml -1 
hygromycin, respectively. The number of kanamycin and hygromycin resistant 
colonies that was obtained per bombardment is listed in Table 1. On average, about 
three resistant clones were recovered in each bombarded sample. 



OOO t- <M CO « 




Fig. 3. Southern analysis of hygromycin (A) and kanamycin (B) resistant calli from transformed N. 
tabacum XD cells. Lane Nt-XD, DNA from non transformed suspension culture cells. Lanes XD-H1 to 
XD-H6, DNA from hygromycin resistant call. Lanes XD-K1 to XD-K5, DNA from kanamycin resistant 
call. Lanes Nt 10c, Nt 5c and Nt lc, genomic DNA mixed with pFF19H (A) or pFF19K (B) to 
reconstruct the integration of 10, 5 or 1 copy of the chimeric HPH (A) or NPT II (B) genes per diploid 

nucleus. 



341 



Southern analysis of stable transformants 

DNA isolated from kanamycin and hygromycin resistant calli were probed for 
the presence of transforming DNA by the Southern procedure. DNA isolated from 
kanamycin resistant clones was digested with EcoRl-Hindill, and after transferring 
onto nitrocellulose filter probed with nick-translated EcoRI-Hindlll insert from 
pFF19K. These two enzymes have unique recognition sites just outside the 35S 
regulatory regions producing a 1.9 kb fragment (Fig. 2). Whereas DNA from 
non transformed tissue lacked hybridisation using this probe, all the kanamycin 
resistant calli showed a hybridizing band of the predicted size (Fig. 3). Comparison 
of the intensity of this band with reconstructed mix indicates that the transgenic 
clones carry 1 to 20 copies of the intact NPT II gene per diploid genome. DNA 
from hygromycin resistant colonies was analyzed in a similar manner. There are two 
Pvull sites in the lacZ region, therefore digestion with the Pvull restriction 
endonuclease excised the chimeric HPH gene from plasmid pFF19H as a 2.4 kb 
fragment. Nick-translated Pvull insert from pFF19H was used as a probe resulting 
in a hybridizing band of 2.4 kb only in the lanes containing DNA from hygromycin 
resistant calli (Fig. 3). The number of intact HPH gene copies per diploid genome is 
around 3 to 30. Southern probing for both types of transgenic calli also revealed 
fragments with sizes deviating from the expected 1.9 or 2.4 kb. These are due to 
rearrangements of the plasmid DNA upon transformation, a phenomenon which 
has been observed before (Paszkowski et al., 1984; Klein et al., 1988a). The 
additional two bands seen in the first two lanes of Fig. 3A correspond to a size of 
approximately 1.0 and 1.4 kb and are most probably due to star activity of the 
restriction enzyme used. 



Discussion 

We described the construction of a new vector pFF19 utilizing the 35S promoter 
region and a duplicated enhancer as 5' region to allow for high levels of transcrip- 
tion (Kay et al., 1987). The usefulness of the cassette was tested in a transient assay 
with the GUS reporter gene after introducing the plasmid pFF19G into tobacco 
suspension culture cells. Also stable transgenic lines were obtained using chimeric 
constructs carrying the selectable markers NPT II or HPH. Previous studies 
suggested that about 2-5% of the cells that transiently express a foreign gene stably 
integrate it (Klein et al., 1988a). Comparison of the number of GUS positive cells, 
as a measure of the success of DNA delivery, and of the number of kanamycin or 
hygromycin resistant clones, as the number of stable transformants, yielded a 
similar value. Efficiency of bombardment is variable (Table 1) and depends on a 
number of parameters (Klein et al., 1988b). Determining the number of GUS 
expressing cells is useful to compare efficiency of DNA delivery in independent 
experiments. In addition to the experiments described in this manuscript we tested 
expression of the GUS gene in pFF19G in suspension culture cells of Avena sativa, 
Oryza sativa and Zea mays. The number of GUS expressing cells was comparable 
to those obtained in Nicotiana tabacum (data not shown). This observation confirms 
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earlier findings which showed that the 35S upstream region is active both in 
transgenic tobacco and petunia plants (Odell et al., 1985; Jefferson et al., 1987; 
Sanders et al., 1987) as well as in a transient protoplast assay of several dicots and 
monocots (Fromm et al., 1985; On-Lee et al., 1986; Nagata et al., 1987). 

The pFF19 cassette was designed to allow for maximum expression of a reporter 
gene based on the use of an efficient 5 ' regulatory region. If desired, expression of 
genes in the cassette can be further improved. Alterations that may increase 
expression include exchange of sequences at the 3' terminus (Ingelbrecht et al., 
1989), insertion of an intron in between the transcription and translation initiation 
sites (Callis et al., 1987) and insertion of specific 5' untranslated leader sequences at 
the same position (Gallie et al., 1987; Sleat et al., 1987; Jobling and Gehrke, 1987; 
Harpster et al., 1988). These sequences can be easily incorporated into our cassettes 
using the unique restriction sites present. 
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Abstract. The distribution of the ribosomal RNA 
(rRNA) genes and three classes of highly repetitive DNA 
in the chromatin of interphase nuclei of Arabidopsis tha- 
liana was studied for the first time through non-isotopic 
in situ hybridization and luminescence digital imaging 
microscopy. Each of the three classes of highly repetitive 
DNA exhibited a characteristic hybridization pattern, 
and one class was seen to be primarily localized on two 
chromocentres, which would allow it to distinguish a 
particular chromosome. The rDNA was consistently lo- 
calized on the two largest chromocentres and on one 
or two smaller chromocentres. A limited number of nu- 
clei exhibited more than four labelled chromocentres, 
indicative of either polypoidy or differential amplifica- 
tion of the rDNA. In nuclei where the nucleolus could 
be clearly observed, the nucleolar associated chromo- 
centres (N ACs) were seen to be labelled by the ribosomal 
DNA (rDNA) probe. 



Introduction 

It is clear from descriptive studies that the chromosomes 
are endowed with a higher order structure and that the 
organisation of chromosomes and chromatin within nu- 
clei is not random (Hochstrasser etal. 1986; Hoch- 
strasser and Sedat 1987 a, b; Manuelidis and Borden 
1988; Hiraoka et al. 1987, 1989; Oud et al. 1989; Van 
Dekken et al. 1989). Eukaryotic genomes are extremely 
complex and highly variable in DNA content and organ- 
isation (Gall 1981 ; Leutwiler et al. 1984; Gross and Gar- 
rard 1988; Meyne et al. 1990; Elgin 1990). The structure 
of chromosomes and chromatin has been studied with 
a variety of techniques. The development of recombin- 
ant DNA technology has made it possible to use in situ 
hybridization (ISH) techniques to visualize sequences as 
specific cytogenetic markers (Lichter and Ward 1990). 
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Among angiosperms, Arabidopsis has the smallest 
known genome (Meyerowitz and Pruitt 1985) and dis- 
plays a characteristic chromatin distribution in the inter- 
phase nucleus. Most of the DNA is distributed in chro- 
mocentres the number of which corresponds roughly 
with the number of chromosomes (Bauwens and Van 
Oostveldt 1990). These chromocentres, which are pres- 
ent until early prophase, are also called prochromo- 
somes. The chromocentres correspond to highly con- 
densed heterochromatin which is generally thought to 
be present on either side of the centromere (Dyer 1979; 
Nagl 1979). The small genome size has made Arabidopsis 
attractive and successful as an object for gene analysis, 
but has made it less suitable for cytological analysis. 
However, the availability of very sensitive microscopical 
techniques such as non-isotopic ISH and the develop- 
ment of highly sensitive instruments such as low-light- 
level CCD cameras (CCD = charge coupled device) and 
confocal scanning laser microscopes (CSLMs) combined 
with powerful digital image analysis instruments, can 
drastically extend and enlarge the scope of our observa- 
tions (Hiraoka etal. 1987; Agard etal. 1989; Braken- 
hoff et al. 1989; Arndt-Jovin and Jovin 1989). 

The percentage of repetitive DNA in the nucleus of 
Arabidopsis is much smaller than in other plants. More- 
over, Arabidopsis has much less interspersed repetitive 
DNA; the repetitive DNA sequences are mainly ar- 
ranged in large tandem arrays and are thought to be 
present near the centromeres (Meyerowitz and Pruitt 
1985; Simoens etal. 1988; Dyer 1979). The ribosomal 
RNA (rRNA) genes (Unfried et al. 1989; Unfried and 
Gruendler 1990) and the three classes of highly repetitive 
DNA identified by Martinez-Zapatar et al. (1986) and 
Simoens et al. (1988) represent the majority of the repeti- 
tive DNA in the nucleus of Arabidopsis. In this article 
we describe the physical distribution of the rRNA genes 
and the three classes of highly repetitive DNA sequences 
in Arabidopsis in the interphase nucleus using non- 
isotopic ISH and luminescence digital imaging microsco- 
py. 
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Materials and methods 



Preparation of the microscopical slides. Seeds from Arabidopsis tha- 
liana (collection number C24; a generous gift from Dr. D. Van 
Der Straeten, Lab. Genetica. Fac. Wetenschappen, Rijksuniversiteit 
Gent, Belgium) were decontaminated (Valvekens et al. 1988) and 
germinated on Murashige & Skoog medium (mineral salts, no su- 
crose) at room temperature. Seedlings were harvested after 3 or 
4 days, pretreated in 0.002 M 8-hydroxyquinoline for 30 min at 
room temperature and then another 30 min at 4° C, and fixed in 
3 : 1 ethanol racetic acid for 1 h at room temperature. After a time 
in 0.01 M citric acid/sodium citrate buffer, pH 4.8, the fixed seed- 
lings were digested in 1% pectinase (Sigma, Mo., USA), 2% cellu- 
lase (Sigma), in the same buffer, for 30 min at 37° C. After removal 
of the enzyme solution the seedlings were rinsed in the citric acid 
buffer for 30 min at room temperature. They were then transfered 
to 10:1 ethanol: ether-cleaned slides, in 45% acetic acid. Most of 
the cotyledons were cut away and at least six root tips were put 
on each slide. The plant material was then squashed, the coverslip 
was removed on solid carbon dioxide, the preparations were al- 
lowed to air dry and were stored at — 18°C until use (adapted 
protocol from Schwarzacher et al. 1980). 

Labelling of the DNA probes. The three classes of highly repetitive 
DNA sequences from Arabidopsis are composed of tandemly re- 
peated units of 180, 500 and 160 bp respectively, cloned into pGem- 
2 (Promega, USA), and were a generous gift of C. Simoens, Lab. 
Genetica, Fac. Wetenschappen, Rijksuniversiteit Gent, Belgium (Si- 
moens et al. 1988). A representative of each of the three classes 
(the 180, 500 and 160 bp repeat respectively) was used in this exper- 
iment. 

The ribosomal DNA (rDNA) from Arabidopsis used as a probe 
consisted of a mixture of four inserts, each cloned into pBS(I)KS + 
(Stratagene, USA) and comprising the 18 S, 5.8 S and 25 S rRNA 
genes, as well as the intergenic region (IGR), and was a generous 
gift from Dr. P. Gruendler, Institut fur Botanik der Universitat 
Wien, Austria (Unfried et al. 1989; Unfried and Gruendler 1990). 
Undigested constructions were labelled by nick translation with 
biotin-21-dUTP, according to the manufacturer's specifications 
(BRL Life Technologies, Md., USA). 

In situ hybridization. The hybridization mixture contained 50% 
formamide, 2xSSC (IxSSC is 150mM NaCl, 15 mM sodium 
citrate, pH 7.0), 300 ng/ul salmon sperm DNA, and biotinylated 
probe DNA (vector + insert) dissolved to a concentration of 2 ng/ul 
for the 180, 500 and 160 bp repeat sequences, and 8 ng/ul for the 
rDNA. 

Slide preparations were digested with RNase (Sigma; 100 ug/ 
ml, in 2 x SSC) for 1 h at 37° C. They were then washed (3x5 min 
in 2xSSC), dehydrated (70%, 90%, 100% ethanol, 5 min, each) 
and dessicated (10 min). After this they were digested with 0.1 ug/ 
ml proteinase K (Boehringer Mannheim, FRG) in proteinase K 
buffer (200 mM Tris-HQ, 2 mM CaCl 2 , pH 7.4) for 10 min at 
37° C. After a wash in proteinase K buffer (5 min) and a 5 min 
preincubation in lxPBS, 50 mM MgCl 2 [lxPBS is 10 mM 
(Na 2 HP0 4 + NaH 2 PCU), pH 7.0, 150 mM NaCl], they were post- 
fixed for 10 min in a freshly prepared solution of 4% (w/v) para- 
formaldehyde in 1 x PBS, 50 mM MgCl 2 . After a wash in 1 x PBS 
(5 min) and a preincubation in 0.1 x SSC, they were denatured 
in 0-1 xSSC, at approximately 100° C for 5 min and then immedi- 
ately transferred to ice cold absolute ethanol (10 min) and dessicat- 
ed. 

Probe DNA was denatured at approximately 100° C for 5 min, 
after which the Eppendorf tubes were immediately transferred to 
ice. Probe solution (1 0 ul) was applied to each slide under an 1 8 x 
1 8 mm coverslip. Probe and target were denatured a further 5 min 
at 80°-85° C on a hot plate. The coverslip was not sealed. ISH 
took place at 37° C in a moist chamber, overnight (approximately 
1 6 h). All washes were carried out at room temperature. (The ISH 
was based on the protocol described by Nederlof et al. 1989 b.) 



Jmmunocytochemical detection. After hybridization, the slides were 
washed 3x5 min in 50% formamide, 2 x SSC, 2x5 min in 2 x SSC 
and 1x5 min in 4 x SSC, 0.05% Tween-20. 

After this the slides were incubated for 10 min in 4 x SSC, 5% 
(w/v) non-fat dry milk (Gloria). This was followed by incubation 
with 5 ug/ml avidin D-FITC (fluorescein isothiocyanate; Vector 
Laboratories, Calif., USA) 4xSSC, 5% non-fat dry milk (100 ul 
under a 24 x 60 mm coverslip) for 20 min, 3x5 min washing with 
4xSSC, 0.05% Tween-20, incubation with 5 ul/ml biotinylated 
goat-anti-avidin D (Vector Laboratories), 4 x SSC, 5% non-fat dry 
milk, (100 ul under coverslip) for 20 min, 3x5 min washing in 4 x 
SSC, 0.05% Tween-20 and a second incubation with avidin D- 
FITC as above. Slides were finally washed 2x5 min in 4 x SSC, 
0.05% Tween-20, 1 x 5 min in 1 x PBS, dehydrated (70%, 90%, 
100% ethanol), air dried and mounted in an anti-fade reagent [2% 
(w/v) DABCO (l,4-diazobicyclo-(2,2,2)-octane) in 90% glycerol 
10% 200 mM Tris-HCl, 0.02% (w/v) NaN 3 , pH 7.5] containing 
0.5 ug/ml propidium iodide]. 

All washes and incubations were at room temperature. Incuba- 
tions with avidin D-FITC and biotinylated goat-anti-avidin D were 
done in a moist chamber, in the dark. 

Fluorescence microscopy. Images were recorded with the Bio-rad 
MRC-500 CSLM system. The CSLM from Bio-rad was fitted to 
an Orthoplan microscope from Leitz (FRG). 

Excitation and dual wavelength detection were performed with 
the AJA 2 filter block combinations. The A 2 filter combination 
consists of a 514 DF 10 excitor filter for excitation with the 514 nm 
line of an Ar + ion laser (used at approximately 23% of maximum 
intensity) and a DR 527 LP dichroic reflector. The A 2 filter combi- 
nation consists of a DR 565 LP dichroic reflector for the separation 
of the red propidium iodide, and the green FITC fluorescence light, 
and two barrier filters, an EF 600 LP filter ("red channel'*) and 
a 540 DF 30 filter ("green channel"). An Olympus 60 x, NA 
1.40, oil immersion lense (Olympus, Japan) was used. 

Digital image processing was performed with the software pro- 
vided with the Bio-rad MRC-500 CSLM system, and consisted 
of noise reduction filtering through averaging (KALMAN filtering) 
during image acquisition, and eventual contrast enhancement by 
subtraction of the mean of the background and scaling of the 
remaining image. Merging of the two images obtained by dual 
wavelength detection of the FITC and propidium iodide signals, 
was performed through the MERGE command. 

Black and white photographs were taken from a high-resolution 
video display (7 in, flat screen, 16 MHz; Lucius & Baer, FRG) 
with a T-max 100 ASA film (Kodak, N.Y., USA; f=8; video 
display settings : brightness = 500, contrast = 1 00). 

Results 

Slide preparation, in situ hybridization and immunocy to- 
chemical detection 

The 8-hydroxyquinoline treatment of 3 to 4 day old Ara- 
bidopsis seedlings did not result in a high number of 
metaphases in our preparations. A higher number of 
metaphases were found in young inflorescences (approx- 
imately 21 days after germination) or in the secondary 
flowerbuds 24 h after the main inflorescence (stem = ap- 
proximately 2.5 cm) had been cut. 

We chose to perform the ISH experiments on squash 
preparations for reasons of accessibility of the target 
DNA to the biotinylated probe DNA and of the hybrid 
to the avidin-FITC and biotinylated antibodies. No par- 
ticular effort was undertaken to strip the preparations 
of all the cytoplasmic and cell wall material, nor did 
we try to obtain perfect chromatin or chromosome 
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spreads. As a result of this many nuclei retained a lot 
of structure, although this structure, for obvious reasons 
cannot be regarded as being native. 

ISH experiments with the rDNA and the three classes 
of highly repetitive DNA of Arabidopsis have been per- 
formed on squash preparations of young inflorescences, 
stimulated secondary flower buds, leaves of mature 
plants, 3 to 4 day old seedlings and on protoplast prepa- 
rations of leaves. The best results were obtained on 
squash preparations of 3 to 4 day of seedlings. Although 
some authors report superior results after ISH on proto- 
plasts (Ambros et al. 1986), our ISH experiments on pro- 
toplasts were always negative, except after ISH with to- 
tal genomic DNA (data not shown). From our results 
it appears that the type and the developmental stage 
of the tissue are important factors that affect the effi- 
ciency of the hybridization and the detection of the hy- 
brids. In this respect it is interesting to note that the 
hybridization efficiency is influenced by the ultrastruc- 
ture of the chromatin (Hayashi et al. 1990) and that ISH 
protocols may have to be adjusted depending on which 
species is being investigated (Meyne et al. 1990). 

The number of metaphases in our preparations was 
not sufficient, and the cytoplasmic material still too 
abundant to be able to observe successful ISH with ei- 
ther of the probes on chromosomes. Successful ISH with 
biotinylated rDNA on metaphase chromosomes of Ara- 
bidopsis has however already been reported (Murata 
et al. 1990). 



Distribution of the rRNA genes 

Table 1 summarizes the results of the ISH experiments 
with the rDNA probe. Of the 50 nuclei that were studied 
in detail 34% exhibited 4 labelled sites, 44% less than 
4 and 16% more than 4 labelled sites. 

Dual wavelength detection of FITC and propidium 
iodide fluorescence allowed unequivocal localization of 
the hybridization signals to specific chromocentres. 

Figure 1 A and B shows that the most intense hybrid- 
ization signal was associated with the two largest chro- 
mocentres (0.8-1.9 um in diameter) which were intensely 
stained with propidium iodide, and were frequently seen 
to be associated with a large nucleolus (identified as 
a dark, largely unstained area). These two chromo- 
centres appear to be typical in most of the interphase 
nuclei of Arabidopsis, allowing visual identification of 
two of the rDNA-associated chromocentres, even with- 
out an ISH signal. The one or two smaller hybridization 
signals were localized to one or two smaller chromo- 
centres (0.5-1.5 um in diameter), and were less frequent- 
ly seen to be associated with a nucleolus.. The hybridiza- 
tion signal was frequently seen not to be uniform and 
suggested two subunits as can be seen from Fig. 1 C. 

In a number of cases, strings of spots could be seen 
emanating from the nucleolus associated chromocentres 
(NACs). In the nuclei where this was seen in our prepa- 
rations, these NACs were always the largest two of the 
four rDNA-associated chromocentres. As can be seen 
from Fig. 1 D some of the spots located in the nucleolus 



Table 1. Summary of the results of the in situ hybridization (ISH) 
experiments with the rRNA genes 



Number of labelled sites per nucleus 



1 2 3 4 > 4 Undetermined 



Number of nuclei 0 3 19 17 8 3 



In three nuclei the hybridization signal appeared as a diffuse spot 



were clearly labelled. The observations presented in 
Fig. 1 C and D are in accordance with those made by 
Rawlins and Shaw (1990) on pea. 

Finally, as is shown in Fig. 1 F, a number (eight) of 
nuclei were seen to exhibit more than four labelled chro- 
mocentres. This might be the result of endopolyploidy 
or of the differential amplification of the rDNA (Nagl 
1978). 



Distribution of the three classes of highly repetitive DNA 

The labelling intensity after ISH with any of the three 
classes of highly repetitive DNA (the 160, 180 or 500 bp 
repeat respectively) was much less intense than after hy- 
bridization with the rDNA. The results were more com- 
plicated to interpret since fewer nuclei showed clear hy- 
bridization signals and the efficiency of hybridization 
varied a lot from one experiment to another. Neverthe- 
less, some clear observations could be made from the 
available data. 

The three classes of highly repetitive DNA showed 
clear differences in hybridization pattern as can be seen 
from Fig. 2A-C. The 160 bp repeat presented a charac- 
teristic hybridization pattern consisting of three to four 
pairs of labelled sites and one site that appeared isolated 
(Fig. 2 A). Some of the labelled sites did not coincide 
with, but were adjacent to the chromocentres, contrast- 
ing with the hybridization pattern of the other two class- 
es of highly repetitive DNA but also with that of the 
rDNA. 

The most important observation that could be made 
was that although the 180 and the 500 bp repeats hybrid- 
ized to all the chromocentres [especially clear for the 
180 bp repeat (Fig. 2B)], the distribution of the hybrid- 
ization signal over the chromocentres was heteroge- 
neous. As can be seen from Fig. 2C and D, the 500 
and 180 bp repeats hybridized more strongly to two 
chromocentres. This was especially obvious for the 
500 bp repeat which was mainly localized on two chro- 
mocentres (Fig. 2C). 

ISH experiments with the 180 bp repeat gave the most 
consistent results regarding hybridization efficiency, and 
thus allowed the study of the distribution of this class 
of highly repetitive DNA in the chromatin of the inter- 
phase nucleus of Arabidopsis in more detail. Results are 
summarized in Table 2. 

Of the 26 nuclei that were looked at more closely 
38.5% had a number of labelled chromocentres equal to 
the total number of chromocentres present in the nucle- 
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Fig. 1 A-F. Non-isotopic in situ hybridization with rDNA on inter- 
phase nuclei of Arabidopsis. Hybrids were revealed with fluorescein 
isothiocyanate (FITC), chromatin was counterstained with propi- 
dium iodide and images were recorded by dual wavelength detec- 
tion with the Bio-rad MRC-500 confocal scanning laser microscopy 
(CSLM) system. Partial loss of the chromocentre structure of the 
interphase nuclei may be due to the tissue preparation method. 
A Detection of four sites of rRNA genes in an interphase nucleus 
{left). Counterstained chromatin (right). B Interphase nucleus 
showing three locations of rRNA genes (merged image). C Inter- 
phase nucleus showing four locations of rRNA genes (left). The 




hybridization signal located on the largest two chromocentres sug- 
gests the existence of two subunits. Counterstained chromatin 
(right). D Detection of sites of rDNA (peri- and intranucleolar) 
in an interphase nucleus (left) presenting a very large nucleolus. 
Counterstained chromatin (right). E Localization of rDNA (left) 
on three large nucleolar associated chromocentres in an interphase 
nucleus. Counterstained chromatin (right). One of the three chro- 
mocentres clearly shows two locations of rRNA genes. F Arabidop- 
sis interphase nucleus showing more than four rDNA sites (merged 
image). Bar represents 5 um in A, B, D and F and 10 um in C 
and E 



Table 2. Summary of the results of the 
ISH experiments with the 1 80 bp repeat 
probe 



N L = N T N L = N T -1 


N L = N T -2 


N L =N T — 3 Undetermined 


Number of nuclei 10 7 


3 


1 5 



Nl» number of labelled chromocentres per nucleus; N T , total number of chromocentres 
per nucleus 



45 



us. When the total number of chromocentres exceeded 
the number of labelled ones by one or two (10 nuclei 
or 38.5%), the one or two unlabelled chromocentres ap- 
peared to be the largest present in the interphase nucleus. 
These are also two of the chromocentres that were iden- 
tified as being sites where the rDNA is located. In five 
nuclei either the number of hybridization sites could not 
be well determined, or the chromocentre structure was 
not as clear as in the other nuclei. 

As was observed for some of the hybridization signals 
of the rDNA, many chromocentres were not homogen- 
eously labelled after ISH with the 180 bp repeat probe. 
Figure 2E shows that two or more labelled spots could 
be seen to be localized on many chromocentres. It should 
also be noted that the two chromocentres that were seen 
to be more intensely labelled after ISH with the 180 bp 
repeat probe were not the largest two present in the 
interphase nucleus. Interestingly, when the two largest 
chromocentres, present in most of the interphase nuclei, 
were seen to be labelled after ISH with the 1 80 bp repeat 
probe, the hybridization signal sometimes appeared as 
a band over, or at the edge of, the chromocentre. 



Discussion 

Fluorescence microscopy 

The Bio-rad MRC-500 CSLM system was used for re- 
cording images of microscopical preparations. The use 
of squash preparations makes the application of the op- 
tical sectioning possibility of the confocal microscope 
superfluous, but the digital fluorescence imaging proper- 
ties of the instrument enhance the accuracy of observa- 
tion. 

The Bio-rad MRC-500 CSLM is fitted with (amongst 
others) a filter-combination that very effectively sepa- 
rates the fluorescence light emitted by FITC (green) and 
propidium iodide (red) respectively. This allows the re- 
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Fig. 2A-E. Non-isotopic in situ hybridization with three classes 
of highly repetitive DN A on interphase nuclei of Arabidopsis. Hy- 
brids were revealed with FITC, chromatin was counterstained with 
propidium iodide and images were recorded by dual wavelength 
detection with the Bio-rad MRC-500 CSLM system. Partial loss 
of the chromocentre structure of the interphase nuclei may be due 
to the tissue preparation method. A Hybridization pattern after 
ISH with the 160 bp repeat on an interphase nucleus (left), Coun- 
terstained chromatin (right). B Hybridization pattern after ISH 
with the 180 bp repeat on an interphase nucleus (left). All chromo- 
centres are clearly labelled. Counterstained chromatin (right). C 
Hybridization pattern after ISH with the 500 bp repeat on an inter- 
phase nucleus (left). Two chromocentres are intensely labelled. 
Counterstained chromatin (right). D Two chromocentres in an in- 
terphase nucleus can be seen to be more intensely labelled after 
ISH with the 180 bp repeat (merged image). E The chromocentres 
in an interphase nucleus can be seen to be unevenly labelled after 
ISH with the 180 bp repeat, suggesting two or more subunits 
(merged image). Bar represents 10 um in A, B, C and E and 5 urn 
inD 
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cording of a faint ISH signal against a background of 
counterstained chromatin. Moreover, detection of the 
two signals is not sequential but simultaneous, which 
allows a very precise localization of the ISH signal in 
the chromatin or on metaphase chromosomes. 

Also, although the detector diaphragm of the green 
channel (the ISH signal) of the CSLM was fully opened, 
resulting in the loss of the optical sectioning property, 
the point excitation with the scanning laser nevertheless 
results in an enhanced image quality (Shotton 1989). 



Distribution of the rRNA genes 

Our results confirm the results obtained by Murata et al. 
(1990) on metaphase chromosomes. These authors ob- 
served two pairs of nucleolar chromosomes, tentatively 
identified as chromosomes 2 and 4. A clear difference 
in the size of the signals between the two pairs of nucleo- 
lar chromosomes was observed. 

Four labelled chromocentres were clearly observed 
in 34% of the nuclei, two of which were clearly more 
intensely labelled than the other two. This has also been 
observed in Pisum sativum, which also has two pairs 
of rDNA-bearing chromosomes (Rawlins and Shaw 
1990). The fact that in 38% of the nuclei only three, 
and in 6% only two chromocentres were observed can 
be accounted for in a number of ways. First, it may 
be that the four sites are not always detected because 
of the fact that the hybridization efficiency is not 100%. 
This is however not very plausible, since the intranuclear 
variation is very low for ISH (Nederlof etal. 1989a). 
Second, one labelled chromocentre might hide another 
in the flattened nucleus. A third possibility may be the 
somatic association of active nucleolus organizing re- 
gions (NORs) to form a reduced number of rDNA-bear- 
ing chromocentres, associated with a nucleolus. The phe- 
nomenon of NORs moving within the nucleus, and asso- 
ciating, depending on their transcriptional activity, to 
form a reduced number of sites labelled after ISH with 
rDNA, has been observed in phytohaemagglutinin-stim- 
ulated human lymphocytes (Wachtler et al. 1986). Spe- 
cific associations between NOR-bearing chromosomes 
have also been described in a number of cases (reviewed 
by Appels 1989). 

We have found statistical evidence that the number 
of chromocentres in the interphase nucleus is correlated 
with the average size of the chromocentres (data not 
shown), indicating that there may be somatic association 
of chromosomes in the interphase nucleus. Comparison 
between the number of labelled chromocentres and the 
total number of chromocentres in the nucleus did not 
however yield any conclusive evidence of NORs moving 
to form a reduced number of labelled chromocentres. 

Although it should be borne in mind that the ISHs 
were performed on squash preparations, striking differ- 
ences in location between the two pairs of NORs could 
be observed as can be seen from Figs. 1 A, C and E. 
In a number of nuclei three large labelled chromocentres 
were seen to be associated with a large nucleolus, indicat- 
ing that the two smaller NORs might have paired to 



Table 3. Number of copies and number of base pairs (bp) per hap- 
loid genome for each of the three classes of highly repetitive DNA 
and the rDNA 



DNA 


%* 


N b 


bp(xl0 6 ) c 


1 60 bp repeat 


0.2-0.4 


1790- 3580 


0.286-0.572 


1 80 bp repeat 


0.8-1.4 


6400-11100 


1.15-2.00 


500 bp repeat 


0.2-O.4 


570-1140 


0.286-0.572 


rDNA d 


5.7 


570 


5.7 



' Percentage of total cellular DNA (Simoens et al. 1988) 

b Copy number per haploid genome 

c Number of base pairs per haploid genome 

6 Meyerowitz and Pruitt (1985) 



form a larger active NAC. As can be seen from Fig. 1 E 
one of the three chromocentres clearly carries two la- 
belled areas. 

Although the statistical evidence is not conclusive, 
morphological observations would plead for NORs 
moving and associating to form a reduced number of 
labelled chromocentres, their activation being a result 
of this displacement (Appels 1989; Gross and Garrard 
1988). 



Distribution of the three classes of highly repetitive DNA 

The three classes of highly repetitive DNA used in the 
ISH experiments consisted of a 160, a 180 and a 500 bp 
repeat, arranged in tandem arrays (Simoens et al. 1988). 
Taking into account the recently revised size of the Ara- 
bidopsis nuclear genome [100 x 10 6 bp per haploid ge- 
nome (Heslop-Harrison and Schwarzacher 1990) instead 
of 70 x 10 6 (Meyerowitz and Pruitt 1985)] and the fact 
that up to 30% of total cellular DNA can be chloroplast 
DNA (Leutwiler et al. 1984) one can estimate their re- 
spective copy number. The revised copy numbers are 
listed in Table 3. 

The rRNA genes of Arabidopsis are largely arranged 
in tandem arrays. Considering that these tandem arrays 
are spread (unevenly) over only four loci, it is obvious 
why the intensity of the ISH signal detected for each 
of the three classes of highly repetitive DNA was con- 
sistently lower than that of the rDNA. This could also 
be a reason why the results were less consistent from 
one ISH experiment to another for the three classes of 
highly repetitive DNA as compared with the rDNA, the 
hybridization signal being intense enough in the case 
of the rDNA, to be detected even at strongly reduced 
efficiency of hybridization. This was especially true for 
the 160 bp repeat, a sequence apparently quite evenly 
spread over nine loci. 

Some regions of the 500 bp repeat show 70%-80% 
homology with the 180 bp repeat. The 500 bp repeat 
presumably arose by duplication of one-half of a 180 bp 
repeat and insertion of a foreign element between the 
two duplicated parts (Simoens et al. 1988). Thus, cross 
hybridization must have occurred. 
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The question of whether the two chromocentres that 
were more intensely labelled after ISH with the 180 bp 
repeat (Fig. 2D) or the 500 bp repeat (Fig. 2C) reflect 
the presence of larger cluster of 1 80 bp repeat units and 
500 bp repeat units on two different pairs of homologous 
chromosomes, or the presence on the same pair of homo- 
logues of large clusters of 180 bp and 500 bp repeat un- 
its, or are simply the reflection of cross hybridization 
of the 180 bp repeat with a larger cluster of 500 bp repeat 
units on one pair of homologues, should be answered 
by two sets of experiments: a double labelling non- 
isotopic ISH experiment with the 180 bp and the 500 bp 
repeat, and an ISH experiment in which labelled 500 bp 
repeat probe DNA is mixed with unlabelled 180 bp re- 
peat DNA to suppress cross hybridization (Pinkel et al. 
1988). It should be noted that in each of the three cases 
the 500 bp repeat could be used as a chromosome specif- 
ic repetitive DNA probe since the difference in labelling 
intensity is the largest in the case of the 500 bp repeat. 

Multiple labelling experiments involving the 160 bp 
repeat might also yield interesting information about the 
relative positions of the different classes of highly repeti- 
tive DNA in Arabidopsis 9 since it was seen that some 
of the hybridization sites of this repeat were localized 
outside the chromocentres in the interphase nuclei we 
analysed. The importance of multiple labelling experi- 
ments on interphase nuclei has already been demon- 
strated (Nederlof et al. 1989a; Lichter and Ward 1990). 
It is of particular interest in the case of Arabidopsis 9 
where good metaphase spreads are particularly hard to 
come by. 

As a final remark it is important to bear in mind 
that the nuclei that were studied in each of the four 
ISH experiments represented a random sample of cell 
nuclei from different tissues of a 3 to 4 day old Arabidop- 
sis seedling. The differences in distribution of the labelled 
sites that were observed, especially for the rDNA, almost 
certainly reflect cell cycle and tissue specific differences 
in the distribution of the DNA sequences. Further refine- 
ments in the ISH technique (tissue preservation, sensitiv- 
ity, quantitative analysis) will allow the study of the cell 
cycle and tissue specific localization of repetitive and 
single copy genes in the interphase nucleus, and will al- 
low the correlation of these data with the level of expres- 
sion of the genes concerned. 
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Introduction 

Avena eriantha Dur. (A. pilosa M. Bieb.), A. clauda Dur., 
and A. ventricosa Bal. are diploid C-genome species with 
a centre of variation extending throughout the Mediterranean 
basin and the Middle East to Afghanistan (Leggett 1992). 
Diploid species with the C-genome are known to be 
involved in the parentage of the tetraploid oats A. maroccana 
Gdrg. and A. murphyi Ladiz. (2n = 4x = 28, genome corn- 
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position AACC), the hexaploid oats A. fatua and A. sterilis, 
and the cultivated species A. byzantina and A. sativa (2n = 
6x = 42, genome composition AACCDD). In addition to 
their phylogenetic importance, species with the C-genome 
might also be an important resource for improving the 
genetic variability of cultivated oats. 

Over the past few years, cytogenetic and isoenzymatic 
markers have been used as a means of gaining insight into 
the relationships between the A and C genomes of the wild 
Avena species and the A, C, and D genomes of cultivated 
oats. The first genomic relationships found were based on the 
degree of chromosome pairing observed in F, interspecific 
hybrids (Rajhathy and Thomas 1974). C-banding techniques 
made it possible to describe the heterochromatin patterns 
of the three constituent genomes of hexaploid oats (Fominaya 
et al. 1988a, 1988fc; Linares et al. 1992; Jellen et ai. 1993a, 
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Table 1. Plant materials used in this study, their nomenclature and sources. 
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1993£). These studies characterized C-genome chromo- 
somes by their strong heterochromatic bands at the cen- 
tromeric and interstitial regions, while A- and D-genome 
chromosomes were characterized by a small number of het- 
erochromatic bands at the telomeric or interstitial regions. 
Chromosome rearrangements were proposed to explain sev- 
eral features of the heterochromatin distribution of these 
species. The patterns of isoenzymatic variation in 12 species 
of oats with different ploidy levels suggested that A, murphy i 
could be implicated in the evolution of the hexaploid oats 
(Sanchez de la Hoz and Fominaya 1989). 

Relationships between plant species have been established 
by studying repetitive DNA sequences. These sequences 
account for a very large part of a plant genome and are 
mainly responsible for the variation in genome size among 
different species of the same genus (Flavell 1982; Walbot 
and Cullis 1985), Specific repetitive DNA sequences, both 
tandemly arranged and dispersed throughout the genome, 
have been reported in a large number of plant species, 
including oats (Fabijanski et al. 1990; Solano et al. 1992; 
Gupta et al. 1992). Although their function and origin 
remain unknown, the repetitive sequences change rapidly 
on an evolutionary time scale in comparison with coding 
sequences (Singer 1982; Flavell 1982). This feature makes 
it possible to isolate repetitive sequences that are specific 
to a taxonomic group, i.e., tribe, genus, or species, and 
which, therefore, are useful for studying genome evolution 
at the molecular level (Mclntyre et al. 1988; Zhao et al. 
1989; Tsujimoto and Gill 1991; Kenton et al. 1993). 

In a previous paper (Solano et al. 1992), a repetitive 
DNA sequence from A. murphyi, Ami, was described. 
This was present in species with the C genome and absent 
in diploid and tetraploid species with A and B genomes. 
Restriction and Southern hybridization analyses showed 
that the sequence was tandemly arranged, and the length of 
the repeated unit was estimated as 58 base pairs (bp). 
These features indicated that the sequence might be satellite 
DNA. Since this kind of sequence seems to be located 



mainly on the heterochromatic regions of the chromosomes 
(John and Miklos 1979), analysis of the chromosome dis- 
tribution of the Ami sequence in oat species could help 
to elucidate the origin of the C-banding patterns seen in 
the oat chromosomes. Also, the possibility of using Ami as 
a genome marker could be exploited for chromosome and 
genome identification of defined DNA sequences using 
simultaneous in situ hybridization. C-banding and Ag-NOR 
(silver staining of NORs) techniques have proved invaluable 
for identifying satellited chromosomes in tetraploid and 
hexaploid oats (Fominaya et al. 1988a, 19886; Linares et ah 
1992; Jellen et al. 1993a, 19936). The ribosomal genes of 
hexaploid oats have recently been mapped to the secondary 
constrictions of six chromosomes using radioactive in situ 
hybridization (Jellen et al. 1994a). Simultaneous fluores- 
cence in situ hybridization with Ami and NOR sequences 
ought to give better resolution, and thus a more precise 
mapping of the signals might be obtained. The aim of the 
present paper was to verify the satellite nature of the Ami 
sequence and to study its distribution on the chromosomes 
of oat species with the C genome using in situ hybridiza- 
tion. Further, the localization of the ribosomal sequences to 
specific chromosomes in tetraploid and hexaploid species 
of Avena was also undertaken in order to assign them to 
genomes. 

Materials and methods 

Plant materials and root-tip preparations 

The names of the species employed in this study, their 
accession numbers, and sources are listed in Table 1. 
Nomenclature and genome designation are based on the 
work of Rajhathy and Thomas (1974). Seeds were germi- 
nated on moist filter paper for 24 h at 25°C, 36 h at 4°C, 
and then 26 h at 25°C, in order to synchronize cell divi- 
sions. The seedlings were then transferred to ice water for 
28 h at 0°C to accumulate metaphases before fixation in 
ethanol - acetic acid (3:1). 



550 



Genome, Vol. 38, 1995 



DNA probes 

The probe pAml consisted of plasmid pUC19 containing a 
464 bp BamHl fragment isolated from A. murphyi DNA. 
The fragment hybridized with repetitive DNA specific to the 
C genome of oats (Solano et al. 1992). The probe pTA71 
contained a 9 kilobase (kb) EcoRl fragment, including the 
18S-5.8S-26S rDNA isolated from wheat, Triticum aestivum 
(Gerlach and Bedbrook 1979). 

Genome copy numbers of Ami sequences 

Genomic DNA from A. clauda, A. maroccana, and A. sativa 
and the plasmid pAml were serially diluted and blotted 
onto a Zeta-Probe membrane (BioRad), according to the 
manufacturer's instructions. The insert of pAml was labelled 
with digoxigenin-ll-dUTP (Boehringer Manheim) by poly- 
merase chain reaction (PCR). Hybridization, washes, and 
chemiluminescent detection were essentially as described 
by Hoisington (1992). Hybridization signals were quantified 
using a Millipore Bio Image. Copy numbers in the different 
species were calculated by comparing signal intensities 
between genomic and plasmid dilutions. The genome sizes 
of the Avena species were taken from Bennett and Smith 
(1976). 

DNA sequencing 

The nucleotide sequence of a fragment of 313 bp from the 
insert cloned in pAml was determined by the dideoxy 
termination method using double-stranded plasmid templates 
with T7 DNA polymerase (Sequenase Version No. 2.0, 
U.S. Biochemicals). 

Chromosome preparation 

Cytological preparations for in situ hybridization were 
made as described by Maluszynska and Heslop-Harrison 
(1993), with some modifications. Prior to squashing, root 
tips were washed in 0.01 M citric acid - sodium citrate 
(ph 4.8) for 30 min and digested in 2% (w/v) cellulase 
(Calbiochem) in 20% (v/v) pectinase (Sigma) for 1.5 h at 
37°C. Meristemic regions were then excised, and one root 
tip per slide was squashed in a drop of 45% acetic acid. The 
cover slip was removed by freezing the slides and the 
preparation was air-dried. Slide preparations were incubated 
in 100 [Lg/mL DNase-free RNase in 2X SSC (IX SSC: 
0.15 M NaCl plus 0.015 M sodium citrate) for 1 h at 37°C 
and washed three times in 2X SSC for 5 min. The slides 
were post-fixed in freshly depolymerized 4% (w/v) 
paraformaldehyde in water for 10 min, washed in 2X SSC 
for 15 min, dehydrated in a graded ethanol series, and 
air-dried. 

Labelling of DNA probe 

The whole plasmids of pAml and pTa71 were labelled by 
nick translation with biotin-14-dATP (Gibco) and digoxi- 
genin-1 1 -dUTP, respectively. Also, the whole plasmid of 
pAml was labelled with rhodamine-4-dUTP (Amersham) 
by PCR. All probes were precipitated with ethanol. 

In situ hybridization 

The hybridization mixture consisted of 50% (v/v) deionized 
formamide, 10% (w/v) dextran sulphate, 0.1% (w/v) SDS 
(sodium dodecyl sulphate), 2X SSC, 10 ng of sheared and 
denatured salmon sperm DNA, and 3 |xg/mL of each DNA 



probe (combining both pAMl and pTa71 probes, each flu- 
orescence labelled with a different system when necessary). 
The mixture was denatured for 15 min. Thirty microlitres 
of this mixture was loaded onto the slide preparation and 
covered with a plastic coverslip. The slides were then 
placed in a modified programmable temperature controller, 
denatured for 7 min at 75°C, and incubated overnight at 
37°C in a humidity chamber (Heslop-Harrison et al 1991). 

Posthybridization washes and detection 

Following hybridization, the hybridized slides with biotiny- 
lated probes were washed in 2X SSC at room temperature 
for 5 min, 2X SSC at 37°C for 10 min, 2X SSC at room 
temperature for 5 min, 0.2% Triton X-100 in phosphate- 
buffered saline (PBS) at room temperature for 5 min, and 
PBS at room temperature for 1 min. For detection of 
hybridization sites, the slides were treated with 120 uX 
of a solution of a complex of streptavidin - biotinylated 
horseradish peroxidase in detection buffer. Slides were 
covered with plastic coverslips and incubated at 37°C for 
1 h. After removal of the coverslips, the slides were washed 
in 2X SSC for 5 min, 0.2% Triton X-100 in PBS for 2 min, 
and PBS for 1 min, at room temperature. For visualization 
of the hybridization sites, 450 uX of a solution of 0.05% 
diaminobenzidine tetrahydrochloride (Sigma) in 0.01 M 
Tris-HCl buffer, pH 7.4, and 0.015% H 2 0 2 were placed on 
the slides at 4°C for 20 min. The slides were rinsed with 
PBS, counterstained with 2% Giemsa (Gurr) for 1 min, 
air-dried, and mounted with DepeX. Slides were examined 
with a Zeiss microscope and photographs were taken using 
Kodak Imagelink HQ film ASA 12. 

The hybridized slides with rhodamine and digoxigenin 
probes were washed once in 2X SSC for 5 min at 42°C 
and then given a stringent wash in 20% formamide in 0. 1 X 
SSC for 10 min at 42°C. The slides were washed in 0.1 X 
SSC for 5 min at 42°C, 2x SSC for 5 min at 42°C, and 
transferred to detection buffer (4X SSC, 0.2% Tween 20) 
for 5 min. To detect digoxigenin labelled probes, each 
slide was treated with sheep anti-digoxigenin-fluorescein 
(FITC) (Boehringer Mannheim). Slides were treated with 
5% (w/v) BSA in detection buffer for 5 min, and then 
incubated in a solution of 1:40 FITC in detection buffer 
containing 5% (w/v) BSA for 1 h at 37°C. No immuno- 
cytochemistry was necessary to detect the rhodamine 
labelling after posthybridization washes. All slides were 
washed three times in detection buffer for 10 min at room 
temperature, counterstained with 2 (xg/mL 4,6-diamidino- 
2-phenylindole (DAPI) in Mcllvaine's citrate buffer, pH 
7.0, and then mounted in antifade solution (A Fl, Citifluor). 
Slides were examined with a Zeiss Axiophot epifluorescence 
microscope with Zeiss filter sets: 01 for DAPI, 09 for flu- 
orescein, and 15 for rhodamine. Photographs were taken 
using Fujicolor super G 400 color print film. 

Results 

Sequence analysis of Am 1 

The nucleotide sequences of six monomers cloned in the 
plasmid pAml were determined (Fig. 1). The consensus 
sequence was 51 bp long with aA + T content of 58%. No 
relevant internal direct repeats were detected, though an 
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imperfect inverted repeat of about 14 bp was found in the 
consensus sequence. The nucleotide sequences of the 
inverted repeats shared 68% homology with each other 
and could form hairpin structures. The nucleotide sequence 
data reported will appear in the EMBL, GenBank, and 
DDBJ Nucleotide Sequence Databases under the accession 
Number X83958. 

Five of the six monomer sequences were remarkably 
conserved, showing an average of more than 92% nucleotide 
sequence similarity. The number of base substitutions (8) 
was similar to the number of deletion-additions (5), and all 
of them appeared to be randomly spread over the whole 
sequence. The nucleotide sequence from unit 2 in Fig. 1 was 
rather divergent from the consensus. It presented a 12 bp 
deletion at the beginning of the unit, an 8 bp addition, and 
7 base substitutions spread over the sequence. A search 
of the EMBL sequence data bank found no homology with 
any previously published sequence. 

Abundance of Ami in the oat genomes 

The abundance of the Ami sequence in the three oat species 
that represented all the ploidy levels found in the genus 
was investigated. Copy numbers of 1.4 X 10 5 , 1.3 X 10 5 , 
and 9.2 X 10 4 were obtained for A. clauda, A. maroccana, 
and A. sativa, respectively. These figures indicated that 
no gross deletions of this repetitive DNA had accompanied 
the evolution of these species, although a loss of copies 
seemed to have occurred in the transition from the tetraploid 
to the hexaploid. The Ami family was, therefore, considered 
to be a highly repetitive DNA family in these species. The 
features so far described for the Ami sequence indicate 
that it is a satellite DNA sequence. 

Chromosomal distribution of Ami tandemly repeated 
sequences 

The karyotype of diploid and tetraploid species was 
described by Rajhathy and Thomas (1974). Fominaya et al. 
(1988a, 1988&), using C-banding and silver nitrate staining 
of nucleolus organizer regions (NOR), studied the karyo- 
types in greater detail. The nomenclature used in the above 
papers is followed here to designate the C-genome chromo- 
somes of these species. Rajhathy and Thomas (1974) and 
Morikawa (1985) reported the hexaploid karyotype and 
numbered, from 1 to 21, each chromosome pair on the 
basis of their overall length and arm ratios. Using this 
chromosome classification, Linares et al. (1992), with 
information obtained by C-banding, allocated individual 
chromosomes to specific genomes. These designations will 
be used for the chromosomes of the hexaploid species. 

To determine the organization and distribution of this 
newly discovered repeated sequence family on the chromo- 
somes, pAml was used as a probe in in situ hybridization. 
Figures 2 and 3 show in situ hybridization patterns of the 
species A. eriantha, A. murphyi, A. maroccana, A. sativa, 
and A. sterilis, using pAml as probe. When fluorescence in 
situ hybridization (FISH) was used, the hybridization sites 
were detected as red fluorescence (rhodamine). Non- 
hybridizing chromosomal sequences fluoresced blue (DAPI) 
(Fig. 2). In contrast, when the detection of hybridization was 
carried out enzymatically with streptavidin - horseradish 
peroxidase, pAml hybridization sites appeared as brown 



Fig. 1. Sequence of a 313 bp fragment cloned in pAml 
that includes six complete monomers. The consensus 
sequence has been written on the first line. Nucleotides 
common to the consensus are indicated by hyphens; 
sequence differences are denoted by the relevant nucleotide, 
deletions are indicated by dots, and insertions are written 
under the sequence. The two imperfect inverse repeats are 
overlined. 

5' 3' 

C GATCCATGTGTGGTTTGTGG^AGAACACACATGCAATGACTCTAGTGGTT 



2 G ff--C-C — A AG 

TTTTAG'TA 
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7 G 

regions, whereas nonhybridizing chromosomal sequences 
appeared blue owing to Giemsa counterstaining (Fig. 3). 

The 464 bp insert of pAml hybridized strongly and 
evenly over the entire length of all chromosomes of 
A. eriantha and A. claudd (Figs. 2a and 2b). When pAml 
was hybridized with A. murphyi metaphases, two sets of 
chromosomes, each with 14 chromosomes, were clearly 
identified (Figs. 2c-2/). The hybridization patterns of one 
of the chromosome sets were like those of the diploid 
C genome species. This chromosome set was consequently 
assigned to the C-genome chromosomes. The remaining 
14 chromosomes, which were almost unhybridized, were 
identified as A-genome chromosomes. However, differences 
in the hybridization patterns were observed within each 
chromosome set. Thus, within the C genome, three chro- 
mosome pairs showed uniform red fluorescence, indicating 
their overall hybridization to the probe. The chromosomes 
were identified as 2C, 5C, and IOC on the basis of overall 
length and arm ratio. Three pairs of chromosomes from 
the C genome were partially hybridized, fluorescing red 
with rhodamine, except for short segments of DAPI flu- 
orescence on their long arms. Karyotyping data identified 
these chromosome pairs as 1C, 6C, and 9C. The last chro- 
mosome pair from the C genome was partially hybridized, 
fluorescing red over both arms, except for a short segment 
of DAPI fluorescence on the short arm. This chromosome 
was identified as 3C. Regarding the A-genome chromo- 
somes, three chromosome pairs were partially hybridized, 
fluorescing blue with DAPI, except for a short segment of 
red fluorescence in the nearly telomeric regions of the 
long arms. These chromosomes were identified as 8A, 
12 A, and 13 A. The remaining four chromosome pairs from 
the A genome were unhybridized, fluorescing blue with 
DAPI over the length of the chromosomes. 

Similar results were found after hybridization of pAml 
to metaphase plates of A, maroccana (Figs. 2g-2h). In this 
case, four chromosome pairs from the C genome showed 
strong hybridization in both arms. Three red chromosome 
pairs from the C genome containing blue nonhybridizing 
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Fig. 2. Fluorescence in situ hybridization of probe pAml to chromosomes of Avena species, (a) Metaphase plate of A. eriantha 
showing hybridized chromosomes visualized in red. (b) The same cell as in a counterstained with DAPI. Arrows indicate the 
hybridization sites to A-genome chromosomes, (c) Metaphase plate of A. murphyi cc7120 showing hybridized chromosomes 
visualized in red. (d) The same cell as in c showing hybridization signals in pink on bluish chromosomes, obtained by double 
exposure using two different filters. Arrows indicate unhybridized segments of the C genome chromosome, (e) Metaphase plate 
of A. murphyi CAV 2832 showing hybridization sites in red. Arrows indicate hybridized segments of the A-genome 
chromosomes. (J) The same cell as in e showing hybridization signals in pink. Arrows indicate unhybridized segments of the 
C-genome chromosomes, (g) Metaphase plate of A. maroccana showing hybridization sites in red. Arrows indicate the 
hybridized segments of A-genome chromosomes, (h) The same cell as in g showing hybridization signals in pink. Arrows 
indicate unhybridized segments of the C-genome chromosomes, (t) Metaphase plate of A, sativa showing hybridization sites in 
red. Arrows indicate the hybridized segments of the A-genome chromosome. (J) The same cell as in / showing hybridized 
signals in pink. Arrows indicate the unhybridized segments of the C-genome chromosomes. In d,f, h, and j\ the numbers 
indicate C-genome chromosomes. In c, e, g, and /, the numbers indicate A-genome chromosomes. 



segments were identified as 2C, 5C, and 8C. Within the 
A genome, three blue chromosome pairs contained red 
segments distally located on their long arms. These chromo- 
somes were identified as 7 A, 10A, and 11 A. No hybridiza- 
tion sites were identified in the remaining four chromosome 
pairs from the A genome. 

FISH (Figs. 2/-2y) and enzymatic in situ hybridization 
(Fig. 3) with pAml revealed hybridization signals on 

10 chromosome pairs in all metaphases of A. sativa cvs. 
Pandora and Prevision, A. byzantina cv. Kanota, and 
A. sterilis. Seven out of 10 chromosomes showed hybridiza- 
tion patterns similar to those described above for C-genome 
chromosomes. Within this set, five chromosome pairs, 
identified as 2C, 7C, IOC, 15C, and 16C, presented the 
hybridization signal distributed over the whole short arm 
with segments of variable length on the long arm. Moreover, 
chromosome IOC presented a strong signal in the middle of 
the unhybridized segment on the long arm. On one chro- 
mosome pair, identified as 4C, Ami sequences were dis- 
persed on the centromeric region and small segments of 
both arms, whereas the distal regions on both chromosome 
arms were unhybridized. The chromosome pair 1C was 
homogeneously hybridized, except for a small interstitial 
region on the long arm. Three chromosome pairs from the 
A/D genomes had a hybridization signal distally located 
on their long arms. These chromosomes were tentatively 
designated 5A, 11A, and 12A or 13A. The remaining 

1 1 chromosome pairs were unhybridized. 

Localization of 18S, 25S, and 5.8S ribosomal genes 
(rDNA) 

To further investigate the genome identity of the satellited 
(SAT) chromosomes in the tetraploid and hexaploid species, 
simultaneous in situ hybridizations using pTa71 for rDNA 
and pAml were performed (Fig. 4). 

In situ hybridization to A. murphyi and A. maroccana 
with the digoxigenin-labeled probe pTa71, detected with 
fluorescein conjugated to anti-digoxigenin, revealed six 
sites on metaphase chromosomes (Fig. 4a). This indicates 
that three chromosome pairs in tetraploid oats carry ribo- 
somal loci. Only two out of three pairs of labelled chromo- 
somes showed the secondary constriction usually associ- 
ated with SAT chromosomes. Simultaneous in situ 
hybridization with pTa71 (green in Fig. 4b) and pAml 
(orange in Fig. 4b) showed that the two pairs of chromo- 
somes with NORs belonged to the A genome. One of them 



Fig. 3. Metaphase plate of A. sterilis after in situ 
hybridization with biotinylated pAml. Hybridization signals 
are visualized in black. Arrows indicate unhybridized 
segments of C-genome chromosomes. Arrowheads indicate 
hybridized segments of the A-genome chromosome. 
Numbers indicate C-genome chromosomes. A-genome 
chromosomes are indicated by numbers followed by the 
letter A. 




showed a hybridization signal in the short arm with pTa7 1 
and a hybridization signal in the long arm with pAml. 
NOR-bearing chromosomes were identified by their satel- 
lite morphology and arm ratio in A. murphyi (4A and 8A) 
and A. maroccana (1 A and 10A), following the karyotype 
reported by Fominaya et al. (19886). Moreover, the chro- 
mosomes carrying Ami sequences were identified as 8A 
and 10A of A. murphyi and A. maroccana^ respectively. 
The third pair showing NOR sequences belonged to the 
C genome and was identified as 9C and 8C in A. murphyi 
and A. maroccana, respectively. 

When FISH analysis was performed on metaphase 
spreads of hexaploid species with the pTa71 clone, eight 
hybridization sites were detected: six brightly fluorescing 
major sites and two additional weakly fluorescing minor 
sites of rDNA (Fig. 4d). In all cases, the loci for the NOR 
sequences appeared in the short arms of the chromosomes. 
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Fig. 4. In situ hybridization of metaphase plates of A, murphy i (a, b, c) and A. sterilis (d t e), 
(a) Digoxigenin-labeled pTa71 probe detected with conjugated fluorescein (green). Arrows show 
rDNA hybridization sites, (b) Simultaneous visualization of hybridization sites to pTa71 (green) 
and pAml (orange). Arrows show the chromosome pair carrying hybridization with pTa71 (short 
arm) and pAml (long arm), (c) The same cell as in a and b counterstained with DAPL (d) A 
double exposure to show the positions of the hybridization sites of pTa71 (green) and pAml 
(orange). Arrows indicate rDNA sites and the chromosome pair that hybridizes with rDNA and 
pAml. (e) The same cell as in d counterstained with DAPL 




The genome: identity of the NOR chromosomes was further 
revealed by double labelling with the probes pTa71 (green 
in Fig. 4d) and. p Ami (orange in Fig. Ad). Two pairs of 
chromosomes showed a NOR-hybridization site at the 
interstitial region of the short arms and no hybridization 
sites for the p Ami probe. This reveals that these chromo- 
somes belong to either the A or the D genome. One chro- 
mosome pair had a NOR in the short arm and a hybridiza- 
tion signal with pAml in the long arm. This chromosome 
pair closely resembled the corresponding SAT chromosome 
pairs identified as 8 A or 10A in the tetraplqids A . . murphy i 
and A. maroccana, respectively. In merhexaploids: this chro- 
mosome pair was identified as 13 A. Consequently; the other 
two SAT chromosome pairs were identified as 12A and 3D 
by; comparing them with the C-banded karyotype of the hexa- 
ploid A. byzantina (Linares et al. 1992); One chromosome 
pair showed hybridization with the pAm 1 probe over its 



length and also presented a small ribosomal site on the 
short arm. This was identified as 1C by morphological 
comparison with the A. byzantina karyotype. 

Discussion 

Solano et al. (1992) suggested that Ami was a satellite 
DNA sequence om 0^ organization, namely 

long tandem, arra^s^^^prt repeating units. Results 
described in tW hypothesis; (/) its 

abundance in ^t^ '-species with the C genome 
indfcafe&;tha^ in that genome; (//) 

its •gehomfesj^ififclnatu .that it is absent in species 

with closelyi relate^ agreeing with the widely 

accepted assumptipn|% diverges rapidly 

(Singer 1982>;^arid^^ structure of the 

monomer ^correspond to Other plant satellite DNAs. Many 
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of the plant satellite DNA sequences described so far are 
composed either of units of about 60 bp (Kato et ah 1984) 
or monomers longer than 60 bp but with subrepeats of this 
length (Grellet et al. 1986; Xia et al. 1993; Ingham et al. 

1993) . Inverted repeats, like those found in Ami, have 
also been observed in repeated DNA from Secale cereale 
(Bedbrook et al. 1980), Vicia faba (Kato et al. 1984), and 
Brassica napus (Xia et al. 1993), although their significance 
is not known. These observations indicate that Ami satellite 
DNA evolves following patterns common to other plant 
satellite DNAs, i.e., duplications of shorter units followed 
by massive amplifications of these new units, units that 
are as large as 51 bp in this oat satellite DNA. The high- 
levels of hybridization found between the probe pAml 
and the chromosomes of the oat species with the C genome 
indicates that the amplification of Ami has occurred 
recently in the evolutionary history of oats. 

Satellite DNA is usually located in regions of constitutive 
heterochromatin that are often found close to the telomeres 
and centromeres of plant chromosomes. The satellite DNA 
clusters in rye (Mclntyre et al. 1990; Cuadrado and Jouve 

1994) and Agropyron (Xin and Appels 1988) were found 
mostly near the telomeres, while in hexaploid wheat 
(Hutchinson and Lonsdale 1982), barley (Dennis et al. 
1980), and Brassica nappus (Xia et al. 1993) they were 
primarily localized around the centromeres. On the other 
hand, a fraction of satellite DNA from Anemona blanda 
(Hagemann et al. 1993) was located in all the prominent 
intercalary C bands, and a satellite DNA family was specif- 
ically located on the intercalary proximal bands of Crepis 
capillaris (Jamilena et al. 1993). In oats, a high degree of 
correlation can be seen between the distribution and inten- 
sity of the hybridization signals of pAml on the C-genome 
chromosomes and their previously described corresponding 
C-banding patterns (Fominaya et al. 1988a, 19886; Linares 
et al. 1992; Jellen et al. 1993a, 19936). Although it seems 
improbable that only one satellite DNA exists in the oat 
C genome, it may be inferred that the stained heterochro- 
matin blocks of the C-genome chromosomes are composed 
of tandem arrays of the Ami satellite. 

Since pAml only hybridized with 14 chromosomes in 
hexaploid oats, it may be deduced that the unknown donor 
species of the D genome is not related to the diploid 
C genome species. Analysis of the distribution of the Ami 
satellite on the C-genome chromosomes revealed differ- 
ences depending on the species studied. Chromosomes 
from A. eriantha and A. clauda showed an even distribution 
of the Ami satellite along the entire length of their 14 chro- 
mosomes (Fig. 2). In the tetraploid and hexaploid species, 
several of the 14 C genome chromosomes had terminally 
located nonhybridizing regions (Figs. 2 and 3). A possible 
explanation of these observations would be based on the 
existence of intergenomic translocations between chro- 
mosomes belonging to the A/D genome and the C genome. 
This was suggested by Fominaya et al. (19886) using data 
from C-banding observations and by Rajhathy and Thomas 
(1974) from the analysis of meiotic chromosome pairing of 
interspecific hybrids. Recently these proposals were 
confirmed in several papers arising from research using 
genomic in situ hybridization (Leggett et al. 1994; Chen and 
Armstrong 1994; Jellen et al. 19946). 



Leggett. et al. (1994) reported the existence of A-C 
intergenomic translocations in the tetraploid A. maroccana, 
Jellen et al. (19946) reported the same for the tetraploid 
species A. maroccana and A. murphyi. These authors 
detected C chromatin on four A chromosome pairs that 
included two pairs of SAT chromosomes in both tetraploid 
species and A chromatin on one C chromosome pair in 
A. maroccana and on two pairs in A. murphyi. In contrast, 
these results showed the presence of Ami sequences on 
three A chromosome pairs, including only one pair of SAT 
chromosomes. Further, there was an absence of Ami 
sequences on three C chromosome pairs in A. maroccana 
and on four pairs in A. murphyi, 

Chen and Armstrong (1994) and Jellen et al. (1994a, 
19946) also reported A/D-C intergenomic translocations 
in hexaploid species. These authors detected C chromatin 
on six A chromosome pairs, including two pairs of SAT 
chromosomes, and A chromatin on three C chromosome 
pairs. In contrast, the presence of Ami sequences on three 
A chromosome pairs and the absence of Ami sequences 
on seven C chromosome pairs were observed in this study. 

These discrepancies could easily be explained by the 
distinct nature of the DNA probe used in each experiment. 
Whereas whole intergenomic translocations are detected 
when genomic DNA from diploid species is used as probe, 
only those intergenomic translocations involving Ami 
sequences are detected in this study. If Ami is a satellite 
sequence distributed throughout the C-genome hetero- 
chromatin, a correlation between the presence of Ami 
sequences and the presence of heterochromatin in the A 
chromosomes can be established. It was found that the 
three A/D-C translocated chromosomes bearing Ami 
sequences also presented patent C-bands. These were ten- 
tatively identified as chromosomes 5 A, 1 1A, and 13 A, as 
described by Linares et al. (1992). Jellen et al. (19946) 
have recently suggested that a substantial portion of the 
C-genome chromatin is euchromatic in the polyploid 
species. These results agree with this hypothesis, since in 
situ hybridization with pAml did not detect several of the 
described A/D-C translocations. Moreover, terminal regions 
of C-genome chromosomes that failed to hybridize with 
pAml were not detected as C-A/D translocations after 
genomic in situ hybridization. 

The existence of deletions involving repeated sequences, 
which seems to accompany species evolution (Flavell 1982), 
could explain the differences observed in the distribution of 
Ami sequences between C-diploid and polyploid species. 

NORs contain expressed 18S-5.8S and 26S ribosomal 
genes that are cytologically identifiable as a secondary 
constriction on satellite chromosomes. Rajhathy and Thomas 
(1974) and Fominaya et al. (19886) reported two pairs of 
SAT chromosomes in tetraploid oats using cytological and 
silver staining techniques, respectively. Linares et al. (1992) 
and Jellen et al. (1993a, 19936) reported three pairs of 
SAT chromosomes in hexaploid oats using silver staining 
and C-banding analysis, respectively. Jellen et al. (1994a), 
using Southern and radioactive in situ hybridization analy- 
ses, also reported the presence of three pairs of SAT 
chromosomes in the common cultivated oat. In contrast, 
these results identified a number of rDNA sites in excess of 
the number of expected NORs. Three pairs of chromosomes 
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with rDNA sites, two with major and one with minor sites, 
were detected in tetraploid oats. Four pairs of chromosomes 
with rDNA sites, three with major and one with minor 
sites, were detected in hexaploid oats. These discrepancies 
could easily be explained by the sensitivity of the technique 
used. Although the major rDNA sites corresponding to 
SAT chromosomes can be detected by the presence of the 
secondary constriction, silver staining, or radioactive in 
situ hybridization, both major and minor rDNA sites are 
detected by FISH. 

Ribosomal and pAml probes were used in simultaneous 
FISH to differentiate the chromosomes that carry rDNA 
genes. In tetraploid oats, the two pairs with major rDNA 
sites belong to the A genome. The pair with minor rDNA 
sites belongs to the C genome. Similarly, in hexaploid 
oats, the three pairs with major rDNA sites belong to the 
A/D genomes and the pair with the minor rDNA site 
belongs to the C genome. Based on Southern analysis of dif- 
ferent aneuploid lines of hexaploid oat, Jellen et al. (1994a) 
suggested that one of the SAT chromosomes belonging to 
the A genome could bear NOR sequences translocated 
from a C-genome chromosome. These results do not support 
this hypothesis, since only one SAT chromosome had Ami 
satellite sequences and these were distally located on the 
long arm. This chromosome seems to be homologous to 
the one described in the tetraploid species (Figs. 4b and 
4d) and consequently would belong to the A genome. 

In conclusion, the physical locating of ribosomal and 
repetitive DNA sequences in the chromosomes of tetraploid 
and hexaploid oats demonstrates the utility of in situ hybrid- 
ization for (/) identifying the genome origin in these allo- 
polyploid species, (//) detecting the presence of intergenomic 
translocations, and (Hi) unambiguously assigning the SAT 
chromosomes to specific genomes. The isolation of new 
repetitive sequences will allow a more complete picture 
of the genomic relationships in this genus to be obtained. 
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Genome, 36: 774-781. 

The number of major rDNA loci (the genes coding for 18S-5.8S-26S rRNA) was investigated in the economically 
important Brassica species and their wild relatives by in situ hybridization of an rDNA probe to metaphase 
chromosomes and interphase nuclei. The diploid species B. nigra (B genome) has two major pairs of rDNA 
loci, B. oleracea (C genome) has two major pairs and one minor pair of loci, while B. campestris (A genome) 
has five pairs of loci. Among the three tetraploid species arising from these three diploid ancestors, B. carinata 
(BBCC genomes) has four loci, B. juncea (AABB genomes) has five major pairs and one minor pair of loci, 
and B. napus (AACC genomes) has six pairs of loci, indicating that the number of loci has been reduced during 
evolution. The complexity of the known rDNA restriction fragment length polymorphism patterns gave little 
indication of number of rDNA loci. It is probable that chromosome rearrangements have occurred during evolution 
of the amphidiploid species. The data will be useful for physical mapping of genes relative to rDNA loci, 
micro- and macro-evolutionary studies and analysis of aneuploids including addition and substitution lines used in 
Brassica breeding programs. 

Key words: Brassica, centromeric DNA, genetic maps, nuclear architecture, ribosomal DNA, evolution, 
Brassicaceae, Cruciferae, gene mapping. 
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Des especes de Brassica d' importance economique et des especes indigenes apparent^es ont fait Tobjet d'une 
etude, par hybridation in situ d'une sonde d'ADNr sur des chromosomes en metaphase et des noyaux en inter- 
phase, pour en determiner les nombres de locus majeurs d'ADNr (genes codant les ARNr 18S-5.8S-26S). Chez les 
especes diploides, le B. nigra (genome B) a deux paires majeures de locus d'ADNr, le B. oleracea (genome C) pos- 
sede deux paires majeures et une paire mineure de locus et, le B. campestris (genome A) pr6sente cinq paires 
de locus. Des trois especes tetraploi'des d£riv6es de ces ancetres diploides, le B. carinata (genomes BBCC) a 
quatre locus, le B. juncea (genomes AABB) possede cinq paires majeures et une paire mineure de locus et, le 
B. napus (genomes AACC) prdsente six paires de locus, ce qui indique que le nombre de locus a ete reduit au cours 
de Involution. La complexity des profils de polymorphisme des longueurs de fragments de restriction fournit 
peu d' indication sur le nombre de locus des ADNr. II est probable que des rearrangements chromosomiques 
sont survenus au cours de revolution des especes amphidiploides. Ces donn£es seront utiles pour la cartogra- 
phic physique des genes ayant trait aux locus d'ADNr, aux etudes de micro- et de macro-evolution et a I 'analyse 
des aneuplo'ides, incluant les lignees d'addition et de substitution utilises dans les programmes d'ameiioration 
des Brassica. 

Mots cles : Brassica, ADN centromerique, carte gen£tique, architecture nucleaire, ADN ribosomal, evolution, 
Brassicaceae, Cruciferae, cartographie des genes. 

[Traduit par la redaction] 
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Introduction 

In plants, I8S-5.8S-26S ribosomal RNA genes (rRNA 
genes or rDNA) are present as many hundreds of tandemly 
repeated units of the three genes and intergenic spacers, 
at one or more pairs of loci within the genome. The 
karyotypes of the various species of Brassica have been 
studied for many years (see Prakash and Chopra 1991 for a 
review). When expressed, the rRNA genes produce a 
nucleolus, and secondary constrictions, nucleolar organizer 
regions (NORs), are visible at some loci on metaphase 
chromosomes. Olin-Fatih and Heneen (1992) presented 
C-banded karyotypes of three Brassica species. In late 
prophase preparations, they were able to identify one chro- 
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mosome pair with an NOR in B. campestris, B. oleracea, 
and their amphidiploid, B. napus. Other NORs may have 
been present but would not be visible as secondary con- 
strictions in the preparations because they showed little 
or no expression 

Delseny et al. (1990) described the organization and 
polymorphism of rRNA genes in diploid and amphidiploid 
Brassica species using restriction fragment length poly- 
morphism (RFLP) analysis. They discussed the need for 
analysis of the number of loci of rDNA within the genomes 
to complement the polymorphism studies. Analysis of 
NOR distribution and organization in rDNA-carrying 
chromosomes is important to understand the events that 
have happened during divergence and hybridization of 
the species. 
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B. nigra 
BB genome 
n = 8 1C=0.8 pg 
2 rDNA loci 
Fig. 7 



B. carinata 
BBCC genomes 
n = 17 lC = L6pg 
4 rDNA loci 
Figs. 3, 10 



B. juncea 
AABB genomes 
n = 18 1C = 1.5 pg 
5 major + 1 minor rDNA loci 
Fig. 1L 



B. oleracea 
CC genome 
n=9 1C=0.9 pg 
1500 rRNA genes 



2 major+1 minor rDNA loci 
Figs.5, 8 



B. napus 
AACC genomes 
n = 19 lC-1.6pg 
4300 rRNA genes 
6 rDNA loci 
Figs.6, 13 



B. campestris 
AA genome 
n = 10 lC=0.8pg 
3400 rRNA genes 
5 rDNA loci 
Figs.4, 9 



Fig. I. The relationships (after U 1935), chromosome numbers, genome designations, DNA contents (Bennett and Smith 
1976), and the number of rDNA loci (Bennett and Smith 1991) for three diploid and three amphidiploid Brassica species 
(see Figs. 3-13). 



Within the tribe Triticeae, phylogenies have been widely 
studied by both molecular cytogenetic and molecular bio- 
logical analyses, particularly using the rRNA genes. 
Together, the methods have provided valuable and com- 
plementary data about rDNA sequence evolution and 
variation. The copy number of the repeat unit at single 
loci, and number of rDNA loci within the genome, are 
extremely variable between related species. The number 
of rDNA loci in diploid species (2n = 2jc=14) varies 
from one pair in rye (Secale cereale L.) to five pairs in 
barley (Hordeum vulgare L.; Leitch and Heslop-Harrison 
1992). In hexaploid wheat (2/i = 6x = 42; T. aestivum L. 
emend Thell.), a species that arose from diploid and 
tetraploid progenitors some 10 000 years ago, the rDNA 
lies on five pairs of chromosomes (Mukai et al. 1991). 
However, the number of copies has been greatly reduced 
at three loci from two of the ancestral genomes, while 
the two loci from the third genome donor both remained 
large. Changes in rDNA-repeat copy number at single 
loci can be rapid: when wheat, or other species, are main- 
tained in tissue culture, the number of loci and rDNA- 
repeat copy number can change substantially within a 
few years (Leitch et al. 1993). 

The ability to look at rDNA copy number and site dis- 
tribution is important for examining relationships and 
evolutionary changes between genomes and for classify- 
ing chromosome types within genomes. Fluorescent in situ 
hybridization to chromosome spread preparations using 
labelled DNA probes is the method of choice for map- 
ping repetitive genes such as those for rRNA (Heslop- 
Harrison 1991), because it is not affected by the presence 
of minor variants within major loci nor extreme differ- 
ences in copy number between loci. In conjunction with 
fluorochrome staining, in situ hybridization is an extremely 



valuable method for investigating chromosome morphol- 
ogy, particularly in species with small chromosomes (see 
Maluszynska and Heslop-Harrison 1991). 

In the present work, we examined the number of rDNA 
loci, their locations along chromosomes, aspects of their 
decondensation at interphase, and approximate relative 
copy numbers at different loci in major crop species of 
Brassica and their diploid and tetraploid ancestors or 
relatives. 

Materials and methods 

The species used were B. campestris L. turnip John Innes 
accession OB441 (synonym B. rapa L.), B. nigra (L.) Koch 
black mustard OB693, B. oleracea L. Savoy cabbage Sabanda 
OB420, B. carinata A. Braun. Abyssinian mustard National 
Vegetable Research Station accession NVRS08. 006807, 
B. napus L. winter oil seed rape Falcon, and B. juncea (L.) 
Czrm. brown mustard J/551/7/9. Seeds were germinated on 
MS medium (Murashige and Skoog 1962) with 0.8% agar, or 
moist filter paper, for 3-4 days. Ploidy levels, chromosome 
numbers, and genome designations are given in Fig. 1. 
Seedlings were fixed in 100% methanol - glacial acetic acid 
(3:1) after 3-4 h treatment with 2 mM 8-hydroxyquinoline to 
accumulate divisions and stored at — 20°C until use. 

Chromosome preparation 

Chromosome preparation followed techniques described for 
Arabidopsis species (Maluszynska and Heslop-Harrison 1993) 
modified after Schwarzacher et al. (1980). Briefly, fixed 
seedlings were washed in 0.01 M citric acid - sodium citrate 
(pH 4.8) for 15 min and digested in 2% (w/v) cellulase 
(Calbiochem) in 20% (v/v) pectinase (from Aspergillus niger, 
Sigma) for 1 h at 37°C. A few (typically five to six) root tips 
per slide were squashed in a drop of 45% acetic acid. The 
cover slip was removed after freezing on dry ice and the 
preparation was air dried. The quality of the chromosome 
spread was checked after staining with 2 |igmL~' 4' -6- 
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Fig. 2. DAPI-stained metaphases of (a) Brassica carinata and (b) Brassica napus. (a) Arrow indicates threads of weakly 
DAPI-stained DNA presumably associated with nucleolar organizing chromosomes that were active at the previous interphase. 
(b) Arrowheads indicate some chromosome regions that contain GC-rich sequences that are weakly stained with the AT-enhanced 
fluorochrome DAPI. Arrows indicate some chromosome regions that become DAPI-positive C-bands after hybridization 
(as shown in the same metaphase after hybridization in Fig. 6a). 



diamidino-2-phenylindole (DAPI) for 15 min in Mcllvaine's 
buffer (18% 0.1 M citric acid, 82% Na 2 HP0 4 adjusted to 
pH 7), and chromosome preparations were photographed for 
morphological analysis (Fig. 2). Satisfactory preparations 
were destained with methanol - acetic acid (3:1) for 3-6 h at 
4°C, rinsed with three changes of 100% methanol, and air 
dried. The slides were stored at room temperature for several 
days before in situ hybridization. 

In situ hybridization 

In situ hybridization was carried out using digoxigenin- 
labelled DNA probes. Sites of hybridization were detected 
with anti-digoxigenin antibody conjugated to fluorescein iso- 
thiocyanate (FITC; Heslop-Harrison et al. 1991). 

Clone pTa71 was used as a probe for in situ hybridization. 
It contains a 9-kb EcoRl repeat unit of ribosomal DNA (rDNA) 
isolated from 7. aestivum (Gerlach and Bedbrook 1979) and 
has been shown to be highly homologous to the Brassica 
rDNA sequences by Southern hybridization (Delseny et al. 
1990). For use as a probe, DNA was labelled with digoxigenin- 
11-dUTP (Boeringher-Mannheim) by nick translation using 
standard techniques. 

For in situ hybridization, DNA probes were mixed to a 
final concentration of 50 ng-mL~' in a solution of 50% (v/v) 
formamide, 10% (w/v) dextran sulphate, 0.1% (w/v) SDS 
(sodium dodecyl sulphate), and 2X SSC (0.3 M sodium chlo- 
ride, 0.03 M sodium citrate). Slides were treated with 100 
ug-mLr 1 DNase-free RNase in 2X SSC for 1 h at 37°C, 
washed twice in 2X SSC for 10 min at room temperature, 
dehydrated in a graded ethanol series and air dried. 

The hybridization mixture (20 uL/slide) was added to the 
chromosome preparation and covered with a plastic cover slip. 
The chromosomes and DNA probe were denatured together in a 
humid chamber at 90°C for 7 min. Hybridization was carried 
out at 37°C in the chamber for 12-16 h. The humid chamber 
was a 40 mm high metal box with a close-fitting, sloping lid; 
eight slides were balanced on two glass rods lying inside on 
wet tissue. The box was floated in a water bath and the tem- 



perature was adjusted based on readings from a digital ther- 
mometer probe inside the box. After hybridization, cover slips 
were removed in 2X SSC at 42°C and then given a stringent 
wash for 10 min each in 50% (v/v) formamide in 2x SSC at 
42°C, 2X SSC at 42°C, and 2X SSC at room temperature. 
The wash removes weakly hybridized sequences with less 
than 85% homology. 

Hybridization sites were detected by transferring the slides 
to 4X SSC-Tween buffer (4X SSC, 0.2% (v/v) Tween 20) for 
5 min, treating with 5% (w/v) bovine serum albumin in 4X 
SSC-Tween for 5 min, and then incubating with 20 U£-mL -1 
anti-digoxigenin antibody (raised in sheep) conjugated with 
FITC for 1 h at 37°C. The slides were washed in 4X SSC- 
Tween at 37°C for 3 X 8 min. 

For signal amplification, slides were blocked for 5 min 
with 5% (v/v) normal goat serum in 4X SSC-Tween and then 
incubated in 10 u.g-mL -1 rabbit-anti-sheep FITC in 5% nor- 
mal goat serum for 1 h at 37°C. The slides were washed in 
4X SSC-Tween 3X8 min at 37°C. 

Preparations were counterstained with DAPI (2 jig-mL" 1 ) 
and some slides were also stained with propidium iodide 
(1 jig-mL - '). The slides were mounted in antifade solution 
(AFI, Citifluor). Slides were examined with a Zeiss epifluo- 
rescence microscope with filter set 02 and 09. Photographs 
were taken on Fujicolor Super HG 400 colour print film. 
Exposure times and printing of all micrographs of one subject 
type (DAPI stained or in situ signal) were similar. 

Results 

DAPI staining 

DAPI staining showed the morphology of metaphase 
chromosomes by fluorescence microscopy (Figs. 2, 3a, 
4a, 5a, and 6a). Staining of most chromosomes was less 
strong at the centromere and some chromosomes had 
regions with less staining (e.g., Figs. 2c and 3a). Some 
chromosomes had large, terminal regions that were 
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Fig. 3. Brassica carinata root-tip metaphase. (a) DAPI-stained chromosomes; arrowheads indicate those carrying rDNA 
hybridization sites. Inset is a chromosome separated slightly from the rest of the plate, (b) In situ hybridization showing four major 
pairs of rDNA hybridization sites. The letter x indicates fluorescein precipitate. 



weakly stained (Figs. 2a and 2c). The ratio of the largest to 
smallest chromosome within single metaphase cells was 
up to 4:1 and metacentric, sub-metacentric, subtelocen- 
tric, and telocentric chromosomes were visible, as reported 
previously (see Olin-Fatih and Heneen 1992). 

Figure 2 shows metaphases before in situ hybridiza- 
tion; the same metaphase as Fig. 2b is shown in Fig. 6a 
after in situ hybridization. The loss of morphological 
definition in the chromosomes because of the denatura- 
tion and hybridization treatments is clear; in particular, 
primary constrictions at the centromeres become less visi- 
ble. After in situ hybridization, the DAPI staining often 
showed a C-banding pattern, presumably because denatu- 
ration and washing selectively removes some DNA. Arrows 
on Fig. 2b indicate some negative bands that give DAPI- 
positive C-bands after hybridization (shown in Fig. 6a). 

rDNA loci 

After in situ hybridization with the rDNA probe, the 
number of loci of rDNA in each species could be deter- 
mined by counting sites on metaphase chromosomes 
(Figs. 3-6) or interphase and prophase nuclei (Figs. 7-13). 
The number of major sites of hybridization observed in 
each species is presented in Fig. 1. 

The three amphidiploid species and B. campestris had 
major and minor rDNA loci that varied in fluorescent 
intensity and size. When several metaphase and inter- 
phase nuclei of B. nigra and B. oleracea were examined, 



there was no regular pattern of large and small loci, 
although variation in sizes of loci was observed in some 
individual nuclei (Fig. 5). rDNA loci were present at 
characteristic terminal or interstitial locations along chro- 
mosome arms. Some were located next to major C-bands 
(Figs. 3-6). 

interphase decondensation 

Loci showed varying dispersion patterns during inter- 
phase. Sometimes, all rDNA loci were visible as discrete, 
large hybridization sites, with little hybridization within 
the nucleoli (Figs. 7-9). In other nuclei, there was dis- 
persion or decondensation of the signal within nucleoli 
(Figs. 10-13). 

Discussion 

Cytology and in situ hybridization 

DAPI staining and fluorescence microscopy showed 
the morphology of the metaphase chromosomes and the 
disposition of condensed and decondensed DNA during 
interphase (Figs. 2-13). DAPI stains AT-rich sequences 
more strongly than those that are GC rich (see Schweizer 
1980), and some GC-rich regions occupy much of a chro- 
mosome arm. The centromeric regions of metaphase chro- 
mosomes tended to stain less strongly than the rest of the 
chromosomes, often corresponding to C-band positive 
regions (Figs. 2b and 6a; Olin-Fatih and Heneen 1992). 
The results show that a fluorochrome-banded karyotype 
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Figs. 4-12. Root-tip chromosome and nuclear preparations from Brassica species. Blue staining is DAPI fluorescence showing 
DNA. Orange-red fluorescence shows DNA counterstaining with propidium iodide. Yellow-green fluorescence shows sites of 
in situ hybridization of digoxigenein-labelled rDNA, detected by fluorescein- label led antibodies. The strength of orange-red 
staining (which also affected the blue colouring) was varied in different experiments to prevent hybridization sites being 
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13. Brassica napus prometaphase, (a) DAPI staining, (b) Six pairs of rDNA hybridization Joci. 



could be constructed; however, like the C-banded kary- 
otype (Olin-Fatih and Heneen 1992), it is unlikely to 
identify unequivocally all the chromosome pairs in the 
tetraploid species and hence would not be of great value 
for analysis of aneuploid lines. 

A GC-rich (58%) middle repetitive DNA sequence has 
been sequenced from B. campestris and shown to hybridize 
to centromeric regions in situ (Iwabuchi et al. 1991). 
Other clones that hybridize to centromeric regions of A- 
and C-genome chromosomes have also been identified 
(G.E. Harrison and J.S. Heslop-Harrison, in preparation; 
Heslop-Harrison et al. 1992). The similarity of fluores- 
cence properties of centromeres of many chromosomes 
from the three genomes indicates that many have GC-rich 
sequences, although the Southern hybridization data indi- 
cates that these are not closely related to the sequence 
from B. campestris (Iwabuchi et al. 1991). Such sequences 
may be valuable for identifying the genome origin of 
chromosomes by in situ hybridization. 

Propidium iodide staining is slightly stronger in the 
centromeric region (Fig. 6b) and next to the rDNA 
(see later). The sites of rDNA hybridization are generally 
less strongly DAPI stained than others (Figs. 4 and 6). 



These regions are often distended and sometimes con- 
nected (Fig. 6), presumably because of residual proteins 
and RNA associated with the activity of the locus at the 
preceding interphase. In DAPI-stained metaphases, such 
connected regions and chromatin strands are often seen 
(Fig. 2a, arrow). Major rDNA loci also appear slightly 
more red in DAPI fluorescence after in situ hybridization 
of the rDNA probe (e.d., Fig. 6a). 

As in many other plant and animal species, fluorescence 
in situ hybridization was able to localize rDNA loci on 
chromosomes with good morphological preservation. 
In situ hybridization, like Southern hybridization, is not 
usually a fully quantitative technique, but large differ- 
ences in hybridization signal strength at different loci 
correspond to major differences in copy number of the 
tandem repeat unit between rDNA loci. Absolute levels 
of sensitivity are difficult to quantify, but we can com- 
pare the results presented in the figures with results 
using similar techniques with single or low copy clones 
of known length and genomic distribution to Arabidopsis 
thaliana and H. vulgare (J. Maluszynska, G.E. Harrison, 
T. Schwarzacher, I.J. Leitch and J.S. Heslop-Harrison, 
unpublished). The comparison indicates that a minimum 



obscured. Fig. 4. Brassica campestris metaphase. (a) DAPI. (b) Five pairs of rDNA loci. Fig. 5. Brassica oleracea metaphase. 
(a) DAPI. (b) Two pairs of rDNA loci. Fig. 6. Brassica napus. (a) DAPI. (b) Six pairs of rDNA loci. Stretched yellow 
hybridization in one region of the nucleus is presumably a remnant of the nucleolus that has remained in metaphase. Fig. 7. 
Brassica nigra interphase, (a) DAPI. (b) Two pairs of rDNA loci, all condensed. Fig. 8. Brassica oleracea interphase. 
Two pairs of rDNA loci, all condensed. Fig. 9. Brassica campestris interphase. Five pairs of rDNA loci, all condensed. Fig. 10. 
Brassica carinata interphase, (a) DAPI. (b) Eight major rDNA loci. Fig. 11. Brassica juncea interphase. Five major, and one 
minor, pairs of rDNA loci are visible, five of which are partially decondensed and run into the nucleolus. Fig. 12. Brassica 
napus interphase. Six pairs of rDNA loci. 
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of 50 copies of the rDNA repeat unit would be 
detectable as clear hybridization sites on both chromatids 
of both homologous chromosomes in every suitable 
metaphase, as obtained in the present series of experi- 
ments. Higher detection sensitivities might detect addi- 
tional rDNA loci in Brassica; more minor loci, although 
they may be expressed, are probably of little genetic sig- 
nificance and repeat unit copy number can change rela- 
tively rapidly over generations (Flavell 1986). 

rDNA loci: diploid species 

Five rDNA loci were found in the diploid species 
B. campestris (Figs. 4b and 9). Robbelen (1960) reported 
that B. campestris had two NOR-bearing chromosomes 
with characteristic morphology, which were both associ- 
ated with nucleoli. Iwabuchi et al. (1991) used in situ 
hybridization to show strong hybridization to one chro- 
mosome pair and faint but reproducible signals on three 
other chromosome pairs using a clone of part of the 25S 
rRNA gene. Delseny et al. (1990) found no higher level 
of RFLP complexity (at least in the exposures of the 
Southern hybridization experiments shown) in the species 
than in other diploids, indicating that the five different 
loci are similar. However, they did find that the level of 
divergence of B. campestris (A genome) from B. oleracea 
(C genome) was higher than that between B. nigra 
(B genome) and B. oleracea based on rDNA subunit size 
and rDNA RFLP patterns. 

The two other diploid species, B. nigra and B. oleracea, 
had two major pairs of rDNA loci when analyzed by 
in situ hybridization, and B. oleracea had an extra minor 
pair of loci (Fig. 5). These results agree with the conclu- 
sions of Robbelen (1960) from analysis of associations 
of chromosomes with the nucleoli. Kianian and Quiros 
(1992a) identified three unlinked loci of rDNA in 
B. oleracea by EcoRl RFLP analysis using the same 
probe, pTa71. The number of rDNA carrying chromo- 
somes can also be identified by their species-specific 
RFLPs in addition lines of B. campestris-oleracea (Delseny 
et al. 1990), B. napus-nigra (Chevre et al. 1991), and 
Diplotaxis erucoides - B. nigra (This et al. 1990), and 
the results agree with those from in situ hybridization. 

rDNA loci: amphidiploid species 

Chromosome numbers in all three tetraploid species 
equal the sums of numbers in their ancestral diploid 
species (Fig. 1). The tetraploid species have fewer rDNA 
loci than the sum of their ancestors (Fig. 1). Brassica 
juncea (AABB genomes; Fig. 11) has five major pairs 
and one minor pair of rDNA loci, one less than the sum 
of those in its ancestors B. nigra (BB genome, 2 loci) 
and B. campestris (AA genome, 5 loci). RFLP analysis 
shows that B. juncea had rDNA RFLPs characteristic of 
both ancestors (Delseny et al. 1990). There were six 
major rDNA loci in B. napus (AACC genomes). Again, 
the species has all the restriction sites found in its 
diploid ancestors (Quiros et al. 1987). It is probable that 
the extra loci were lost (or are reduced to below the 
detection limit), although translocations and fusions 
could also lead to loss of sites. Bennett and Smith (1991) 
reported the total copy numbers of the B. oleracea and 
B. campestris types of rDNA, determined by quantitative 
Southern hybridization, as 800 and 3500 in the tetraploid 
B. napus, compared with 1500 and 3400 in the respective 



ancestral tetraploid species. The in situ hybridization 
data support these results, since the total strength of 
hybridization is lower in B. oleracea and B. campestris 
(cf. Figs. 5b and 8 with 4b, and 9). In B. napus (Figs. 6b 
and 13£), there is substantial varition in size of the indi- 
vidual rDNA loci; the Bennett and Smith (1991) results 
indicate that the smaller loci arise from B. oleracea. 

Molecular cytogenetics of Brassica species 

RFLP mapping data from diploid Brassica species sug- 
gested that extensive structural rearrangements of chro- 
mosomes have occurred after the duplication events 
(Slocum et al. 1990; Song et al. 1991; Kianian and Quiros 
19926). In both diploid and tetraploid species, differences 
in the organization of repetitive DNA sequences at the 
centromeres detected by in situ hybridization also indi- 
cate that structural rearrangements have occurred between 
species (G.E. Harrison and J.S. Heslop-Harrison, in prepa- 
ration; see Heslop-Harrison et al. 1992). Although many 
rearrangements may have occurred during evolution of 
the tetraploid species from the diploids, genome size 
measurements by Feulgen microdensitometry (Bennett and 
Smith 1976; Fig. 1) and flow cytometry (Arumuganathan 
and Earle 1991), as well as the chromosome sizes found 
here (Figs. 2-6) and in other karyotype studies, also 
indicate that no major changes in average chromosome 
sizes have occurred in the amphidiploid species. Careful, 
systematic measurement of chromosome and genome sizes 
in the species may indicate that overall genome size is 
slightly different from the sum of the ancestors, but 
quantitative and qualitative assessment of differences in 
copy number, distribution, and actual sequence of vari- 
ous DNA sequence families are likely to be of greater 
importance to understanding microevolution (during selec- 
tion in plant breeding, tissue culture, or the production of 
aneuploid lines) and macroevolution (during speciation) 
within the genus. 

Molecular cytogenetic techniques offer exciting possi- 
bilities for chromosome investigations in the Brassicas 
with many small, similarly sized chromosomes, especially 
when combined with the extensive molecular genetic infor- 
mation now accumulating about the genus. For example, 
the use of double target in situ hybridization with genome- 
specific probes (Heslop-Harrison et al. 1992) and the rDNA 
probe is likely to be able to detect which genome has 
lost rDNA sites. In humans, sets of pooled chromosome- 
specific probes can be used for "painting" particular 
chromosomes along their lengths by in situ hybridization 
(Lichter et al. 1988). Perhaps similar probe sets could be 
derived from Arabidopsis thaliana (2n = 10) where no 
duplicated segments have been reported and used to paint 
the homologous segments of the diploid and tetraploid 
Brassica species. Evolutionary translocations and other 
rearrangements could then be visualized and analyzed 
directly. Knowledge of the types of changes that have 
happened in the past may be a valuable guide to the 
changes (Heslop-Harrison and Schwarzacher 1993) that 
can be made during plant breeding using genes present 
wihin the cultivated Brassica's and their wild relatives. 
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Xu, J., et Earle, E.D. 1994. Direct and sensitive fluorescence in situ hybridization of 45S rDNA on tomato 
chromosomes. Genome, 37 : 1062-1065. 

Les auteurs dgcrivent un protocole direct et sensible de detection par fluorescence d'hybridation in situ pour les 
chromosomes de plantes. L'ADN ribosomique de 45S a 6t€ marque' avec de la fluoresc6ine-12-dUTP et hybride 
avec des chromosomes somatiques de quatre genotypes de tomate. Cette technique ne requiert aucune amplification 
immunocytochimique en post-hybridation. L* augmentation de la sensibilite dans les signaux en employant cette 
technique a permis d'identifier de nouveaux loci d'ADN ribosomique repartis sur trois paires de chromosomes en 
sus du locus deja identifie sur le chromosome 2. Les auteurs discutent des caracteristiques favorables de la fluorescence 
d' hybridation in situ directe pour les chromosomes fixes sur lames et pour Pobservation de chromosomes ou de 
cellules en suspension. 

Mots cles : fluorescence d'hybridation in situ, ADNr 45S, chromosomes de la tomate. 

[Traduit par la redaction] 



Introduction 

Applications of fluorescence in situ hybridization (FISH) 
techniques to plant chromosomes play an increasingly impor- 
tant role in plant molecular cytogenetics and chromosome 
engineering. Depending on DNA probes used, a genome 
(Schwarzacher et al. 1989; Xu et al. 1994), individual chro- 
mosome or chromosome segment (Schwarzacher et al. 1992), 
repetitive or low-copy DNA sequences (Mukai et al. 1993), 
or genes (Lehfer et al. 1993) can be highlighted selectively. 
Multicolor FISH permits simultaneous detection of two or 
more probes in a single experiment (Leitch et al. 1991; 
Mukai et al. 1993). 

The conventional FISH protocols employ posthybridization 
immunocytochemical detection and sometimes several rounds 
of amplifications to visualize hybridization signals. Although 
these indirect FISH methods can effectively generate 
hybridization signals, the posthybridization amplifications 
are laborious and time-consuming and have the potential 
for high background noise. In human cytogenetics, several 
reports on the utility of DNA probes labelled with fluoro- 
chromized dUTPs in direct FISH of human chromosomes 
illustrate improved resolution of signals (Wiegant et al. 
1991, 1993). The presence of cell wall and cytoplasmic 
debris in plant chromosome preparations not only makes it 
difficult for a DNA probe to penetrate into target chromo- 
somal sequences but also increases the chance of nonspecific 
binding of antibodies used in immunocytochemical detection 
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procedures, thus reducing signal detection sensitivity. This, 
together with low mitotic index inherent in plant cells, makes 
FISH less efficient for plant chromosomes than for human or 
animal chromosomes. Simplified and sensitive FISH proto- 
cols are needed for plant chromosome studies. 

In this paper, we report direct FISH of tomato chromo- 
somes using fluorescein- 1 2-dUTP labelled 45S rDNA as a 
probe. The high sensitivity of the technique enabled new 
rDNA loci to be clearly identified. 

Materials and methods 

Plant materials and chromosome preparations 

Three cultivars of tomato (Lycopersicon esculentum Mill.), 
'Rio Grande*, *VF 36', and *Motelle' (2n = 2x = 24) and a pri- 
mary trisomic 2 (In = 2x + 1 = 25) were used. 'Rio Grande', 
4 VF 36\ and primary trisomic 2 were kindly provided by 
CM. Rick, University of California, Davis, and 'Motelle', by 
A. Frary, Cornell University. Root tips from plants were treated 
with 0.1% colchicine for 3-4 h at I2°C and fixed in ethanol - 
glacial acetic acid (3:1). The root tips were squashed in 
5% acetocarmine (Carolina Biological Supply Company) and 
coverslips were removed after freezing in liquid nitrogen. The 
slides were destained in 45% acetic acid for 5-7 min and dehy- 
drated in 95% ethanol for 10 min at room temperature. They 
were then oven-dried for 2-5 h at 37°C before in situ hybridization. 

DNA probe 

The plasmid used as the probe was provided by K. Arumuganthan, 
University of Nebraska. It contains a 9.1-kb 45S rDNA insert 
that was isolated from tomato and cloned in the vector pUC 18 
by P. Palukaitis, Cornell University. The insert includes the 5.8S, 
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Fig. 1 . Fluorescence i ri s itu hybridization^ pattern of 45S rDNA in tomato somatic chromosomes ( X 1,000). , Yellow-green hybridization 
sites are seen in chromosome 2 and six (three pairs) other: chromosomes (pointed with white bars)! (A ancLB) Trispmic 2 (2n = 
2x + 1 - 25) with three hybridized satellites, of which (A) all attached to chromosome : 2*s in a highly condensed chromosome and 
(B) two separated from chromosome 2's with each satellite and its bearing chromosome being identified by light yellow-green 
connecting track and indicated with six dots or four stars. (C) Tomato (*Rio Grande \ 2#r = 2x = 24) somatic cell at late prophase with' 
less condensed chromosomes and visible nucleolus, showing a" pair of satellites painted plus three additional 1 pairs of chromosomes 
with hybridization signals. 



18S, and 25S rDNA subunits and nontranscribed spacer sequences. 
The plasmid was labelled with fluorescein- 12-dUTP by nick 
translation with a 1: 1.6 ratio of fluorescein- 1 2-dUTP to dTTP 
(Boeh ringer Mannheim). After hick translation, the probe was 
precipitated with ethanol. 

In situ hybridization 

Chromosomal DNA on the slides was denatured in 70% for- 
mamide in 2X SSC (0.1'5 M Nad, 0,015 M sodium citrate) for 
2 min at 70°C and dehydrated through an ethanol series at — 20°C. 
For each slide, 10 jiL.of hybridization mixture (50% formamide, 
10% dextran sulfate, 2X SSC, 50 ng of mechanically sheared 
salmon sperm DNA, and 20-40 ng of fluorescein- 12-dUTP 
labelled probe) was useb. The probe mixture was denatured for 
10 min at 80°C and loaded onto the slides. A covers lip was 
added and sealed with rubber cenieht. The slides were rederiatured 
for 5-7 min at 80°<j; After overnight hybridization in a humid 
chamber at 37 °C; the slides were washed two times for 5-7 min 
each in 50% formamide in 2X SSC and then two times for 5 min 
each in 2.x SSC, all at 40°C. the slides were then washed two 
times for 10 min each in PN buffer (0.1 M NaH 2 P0 4 -Na 2 HP0 4 , 
0.1% Nonidet P-40, pH 8.0) at rpom temperature. Aritifade 



Vectashield mounting medium (Vector Laboratories) containing, 
2-5 u,g/mL of propidium iodide (PI) was used to mount the 
slides and couhtersiaih chromosomes. Slides were examined 
with an Olympus Vanox^AHBT fluorescence microscope with 
a blue excitation filter. Photographs were taken on Kodak print 
film ISO 1600. More than 10 well-spread metaphase cells were 
studied for each of the .four genotypes. 

In addition, pUC 18 alone was labelled with .fluorescein:- 12- 
dUTP and used in the FISH. No hybridization signals were 
detected in any of the metaphase and interphase cells examined, 
confirming absence of homology between the vector sequence 
arid tomato chromosomal DNA. 

Results 

The protocol does not need immunocytochemical ampli- 
fications to visualize hybridization signals. Figure 1 shows 
fluorescence microphotographs of tomato somatic chromo- 
somes at metaphase (Figs. 1A and 4 IB) or at late prophase (C). 
Hybridization signals are seen as yellow-green against 
orange-red chrornosomes counterstained with PL Tomato 
chromosome 2 lis characterized by having a secondary 
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constriction, corresponding to the nucleolus organizer region 
(NOR), at the short arm (Vallejos et ah 1986; Ganal et al. 
1988). Figure 1A shows a trisomic 2 metaphase cell with 
highly condensed chromosomes and three chromosomes 2 
painted yellow-green over about half the length of the chro- 
mosomes, including the end of the short arm, NOR, and 
entire satellite. This observation confirms the origin of the 
rDNA sequence (Vallejos et al. 1986). In addition, six other 
chromosomes (presumably three pairs) have a hybridization 
site (indicated with bars, also in Figs. IB and 1C). Figure IB 
shows another trisomic metaphase cell where two of three 
chromosomes 2 have satellites separated from the short arm, 
probably as a result of expression of the genes (Gustafson 
et al. 1988; Mukai et al. 1991). The light yellow-green fluo- 
rescent track connecting the satellite and short arm enabled 
the satellited chromosomes to be identified. 

Three tomato cultivars ('Rio Grande', *VF 36*, and 
'Motelle') all have a pair of chromosomes 2 with satellites 
entirely painted and three other pairs of chromosomes with 
a hybridization signal (Fig. 1C). 

Discussion 

The present experiment demonstrates the application of 
direct FISH on a plant species (tomato) having small chromo- 
somes. The technique has the following favorable features. 
First, the omission of several labor-intensive posthybridization 
washing and amplification steps not only saves 3-4 h, but it 
also reduces the likelihood of loss of, or damage to, chromo- 
somes during the process. Second, the technique produces less 
nonspecific noise and better contrast between hybridization 
signals and chromosome and cytoplasmic background. Good 
resolution obtained with the technique allows clear detection 
of additional hybridization sites even in highly condensed 
chromosomes (Fig. 1A). In human chromosomes, the detec- 
tion sensitivity of direct FISH was found to be 50-100 kb 
(Wiegant et al. 1991). Finally, the technique is flexible. A flu- 
orochromized dUTP can readily be incorporated into a probe 
using nick translation, random priming, or PCR. Different 
colored fluorescent dUTPs that are commercially available 
can be applied for direct and multicolor FISH (Wiegant et al. 
1993). When necessary, the hybridization signals can be 
amplified using immunocytochemical detection reagents. 

The 45S rDNA sequence was estimated in approximately 
2300 copies in the tomato genome (Vallejos et al. 1986). 
Based on RFLPs between L. pennelli and L. esculentum, 
Vallejos et al. (1986) placed the 45S rDNA locus at a distal 
point on the short arm of chromosome 2. By in situ 
hybridization using a biotinylated probe and enzyme- mediated 
detection system, Ganal et al. (1988) observed that the 
sequence hybridized strongly to the end of an acrocentric 
chromosome, presumably chromosome 2, of tomato 4 VF 36*. 
In the present experiment we used trisomic 2 to verify the 
identity of the rDNA sequence. Our finding of new rDNA 
loci in three pairs of chromosomes in all four genotypes 
examined, including 'VF 36, is probably a result of an 
improved detection sensitivity with the direct FISH over 
the traditional in situ protocol used by Ganal et al. (1988). 
Failure to detect the additional rDNA loci using RFLPs is 
probably due to the limited markers used by Vallejos et al. 
(1986). They used 18 enzyme markers defining 10 of 
12 tomato chromosomes, averaging less than two markers per 
chromosome. Further work using the direct FISH of the 
probe on a set of tomato trisomies should identify which 
chromosomes carry these loci. 



We noticed that the rDNA probe heavily hybridized to 
the entire satellite (Fig. 1) in addition to the secondary con- 
striction (Fig. 1A) in chromosome 2. This hybridization pat- 
tern is similar to that in Allium (Ricroch et al. 1992) and 
Aegilops squarrosa (Mukai et al. 1991) but different from that 
in rye (Gustafson et al. 1988), wheat (Mukai et al. 1991), and 
barley (Xu and Kasha 1992) where the probe was mainly 
hybridized to the secondary constrictions in satellited chromo- 
somes. Presence of new and minor rDNA loci in chromo- 
somes in addition to satellited chromosomes was revealed by 
in situ hybridization techniques in many plant species includ- 
ing wheat (Mukai et al. 1991), barley (Leitch and Heslop- 
Harrison 1992), Allium (Ricroch et al. 1992), and white 
spruce (Brown et al. 1993). 

The technique we describe in this paper could be fine 
tuned for direct FISH of cells or chromosomes in suspension. 
Indirect FISH of cell suspensions has been used for studies 
of gene expression (Timm and Stewart 1992) and for purifi- 
cation by sorting of a cell population expressing a specific 
mRNA (Lalli et al. 1992). FISH of chromosome suspensions 
using a collection of chromosome-specific probes should 
preferentially highlight the target chromosome. This should 
provide a basis for flow cytometry to sort out the target 
chromosome for construction of a chromosome-enriched 
library. By eliminating immunocytochemical amplification 
steps, the direct FISH will not only simplify the process 
but also minimize damage to cells or chromosomes caused 
by repeated centrifugations and resuspensions needed in 
indirect FISH procedures. 
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Total polyadenylated RNA was isolated from different organs of the field bean by oligo-dT latex particles. 
Complementary DNA (cDNA) was reverse transcribed from the mRNAs and used as a probe for fluorescent in 
situ hybridization to metaphase chromosomes. Hybridization signals covered the whole chromosome complement except 
for late-replicating Giemsa-banded heterochromatin regions, which are composed mainly (or exclusively) of tandemly 
arranged repetitive sequences. 

Key words: cDNA, field bean, fluorescent in situ hybridization. 

Houben, A., Brandes, A., et Schubert, I. 1994. The distribution of cDNA sequences on field bean chromosomes. 
Genome, 37 : 1065-1067, 

LARN polyaddnyle* total de diffe>ents organes du haricot de grande culture a 6te isote a Paide de particules de latex 
oligo-dT. L/ADN compl^mentaire (ADNc) s'est avdre transcrit de facon inverse^ a partir de TARNm et il a servi de 
sonde pour Thybridation fluorescente in situ sur les chromosomes en stade m£taphasique. Les signaux d* hybridation 
ont couvert le complement chromosomique entier, sauf pour les rdpliques tardives des bandes Giemsa des regions 
hetdrochromatiques, lesquelles sont composdes principalement (ou exclusivement) de sequences r£p£titives organises 
en tandem. 

Mots cles : ADNc, haricot de grande culture, hybridation fluorescente in situ. 

[Traduit par la redaction] 



Introduction 

Heterochromatin and euchromatin are present in all tested 
eukaryotic nuclear genomes and became visualized by dif- 
ferent cytogenetic methods such as cold treatment, various 
Giemsa- and fluorescence-banding techniques, and by dif- 
ferential incorporation of base analogues. Heterochromatin 
usually proved to be genetically inert and mainly composed 
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of satellite or highly repetitive simple sequence DNA. 
Euchromatin contains actively transcribed unique or low 
copy sequences in addition to dispersed repetitive ones. For 
detection of middle or high repetitive sequences, in situ 
hybridization is a reliable technique, but the number of sin- 
gle or low copy genes that were detectable on plant chromo- 
somes by this method is rather small (Ambros et al. 1986; 
Gustafson et al. 1990; Lehfer et al. 1993; Leitch and Heslop- 
Harrison 1993). 
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Abstract 



Repetitive DNA sequences were detected directly on somatic metaphase chromosome spreads from 
soybean root tips using fluorescent in situ hybridization. Methods to spread the forty small metaphase 
chromosomes substantially free of cellular material were developed using protoplasts. The specific DNA 
probe was a 1.05 kb internal fragment of a soybean gene encoding the 18S ribosomal RNA subunit. Two 
methods of incorporating biotin residues into the probe were compared and detection was accomplished 
with fluorescein-labeled avidin. The rDNA probe exhibits distinct yellow fluorescent signals on only two 
of the forty metaphase chromosomes that have been counterstained with propidium iodide. This result 
agrees with our previous analyses of soybean pachytene chromosomes [27] showing that only chromo- 
some 13 is closely associated with the nucleolus organizer region. Fluorescent in situ hybridization with 
the rDNA probe was detected on three of the forty-one metaphase chromosomes in plants that are 
trisomic for chromosome 13. 



Introduction 

In situ hybridization techniques developed in 
recent years are an important tool for the detec- 
tion of specific nucleic acid sequences directly 
within cells or on chromosomes. Initially, in situ 
hybridization was used for the localization of 
DNA sequences on Drosophila polytene chromo- 
somes or highly repeated sequences on metaphase 
chromosomes of diploid cells. In the past ten 
years, numerous refinements of the detection 
procedure have made possible the rapid, sensitive 
detection of short unique DNA sequences directly 
on mammalian metaphase chromosomes [2, 4, 
13, 15, 16, 31]. In situ hybridization is a viable 
method for investigation of the spatial order of 
genes in interphase nuclei [15], the mechanism of 
gene amplification [30], and the identification of 



foreign DNA (transformed or viral) within animal 
and plant cells [8, 14]. 

The use of in situ hybridization in plants lags 
considerably behind its applications in cyto- 
genetics of human and other animal systems. A 
major factor contributing to the difficulty in plants 
is obtaining mitotic and meiotic chromosomes 
free of cell wall material. Hybridization to plant 
metaphase chromosomes is often impeded due to 
their highly condensed nature. Difficulties are also 
encountered in the chromosome karyotyping of 
many plants including soybean, Glycine max. 
Soybean contains In = 40 small (1.2-2.84 /im) 
morphologically similar mitotic metaphase chro- 
mosomes [25]. Despite its considerable economic 
importance, soybean lacks a cytogenetic map and 
a karyotype of all 20 soybean chromosomes has 
only recently been constructed for the relatively 
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uncondensed pachytene chromosomes [27], In 
this report, we demonstrate the first application of 
in situ hybridization directly to individual soybean 
metaphase chromosomes. 



Materials and methods 

Plant material 

Root tips from Glycine max (L) Men*, cv. Williams 
were used as the source for metaphase chromo- 
somes. Seed of the primary trisomic S (satellited 
chromosome 13) line in soybean cv. Hodgson 
[24] were obtained from Reid Palmer, USDA/ 
ARS, Agronomy Department, Iowa State Uni- 
versity. 



Chromosome preparation 

Root tips were collected from secondary roots of 
seven-day-old seedlings grown in a sandbox in a 
greenhouse and pretreated for 2 to 4 h in 0.05 % 
8-hydroxyquinoline at 15 °C in order to obtain 
cells with a higher mitotic index. Root tips were 
then fixed in freshly prepared methanol, acetic 
acid, and chloroform (3:1:1), stored at - 20 °C, 
and used within 1 to 2 weeks for optimal results. 
Root tips were washed thoroughly in 0.01 M 
sodium citrate-citric acid (SC-CA) buffer at pH 
4.6. Cell walls were digested in 2% cellulase 
('Onozuka' R10) and 1% pectinase (Sigma) in 
SC-CA buffer for 2h at 37 °C. Root tips were 
aspirated several times through a siliconized pas- 
teur pipette to facilitate digestion of cell wall mate- 
rial. After enzymatic treatment, cells were sub- 
jected to a hypotonic treatment in 75 mM KC1 for 
10 min. A final fixation in the above fixative was 
performed for one hour on ice. Cells were dropped 
from a pasteur pipette onto methanol-cleaned and 
cold (-70°C) slides to promote chromosome 
spreading and were dried overnight at room tem- 
perature. Prepared slides were stored at - 70 °C 
in a vacuum-sealed bag and used within one 
week. 



Probe and labeling methods 

The soybean 18S rDNA probe pSR1.2B3 [3] 
contains a 1.05 kb internal fragment of the full 
1807 bp rDNA gene and was supplied by R. 
Meagher, University of Georgia, Athens. Probe 
DNA was directly labeled by nick translation with 
bio-ll-dUTP (Enzo Biochemical, New York) as 
per instructions from the supplier, resulting in 
incorporation levels of 30 to 50% bio-ll-dUTP. 
Probe fragment size was controlled by adjusting 
the concentration of DNAse in the nick trans- 
lation reaction to yield fragments between 300 to 
1000 nucleotides. Fragment size was determined 
using alkaline gel electrophoresis followed by 
transfer to nitrocellulose and was visualized with 
strepavidin-conjugated alkaline phosphatase 
(Bethesda Research Laboratories). An indirect 
labeling method consisting of poly(T)-tailing 
DNAse-digested probe DNA was also employed. 
Detection of poly(T)-tailed probe was accom- 
plished with a biotin-labeled poly(dA) molecule 
(BioBridge, from Enzo Biochemical, New York). 



In situ hybridization 

In situ hybridization was performed as described 
by Lawrence et ah [15] with modifications. Slides 
were treated with 100 fig/ml RNAse A (Sigma) in 
2x SSC (lx SSC is 0.15 M NaCl, 0.015 M 
sodium citrate) for 30 min at 37 °C and then 
sequentially dehydrated in an ethanol series of 
70%, 95%, and 100% ethanol at room tempera- 
ture. Slides were incubated in 0.1 M triethanol- 
amine, pH 8.0, and 0.25% acetic anhydride for 
10 min followed by denaturation in 70% forma- 
mide, 2 x SSC, pH 7.0, at 70 °C for 150 s and 
then immediately dehydrated 5 min each in 70%, 
95%, and 100% ethanol at -20°C. They were 
then treated with 100 to 300 ng/ml proteinase K 
in 20 mM Tris-HC, 2 mM CaCl 2 , pH 7.5, at 
37 °C for 5 to 7.5 min and dehydrated as above. 
Probe and calf thymus DNA were denatured at 
95 °C for 10 min, quick-cooled on ice, and then 
added to a hybridization mix. The final concen- 
trations in the mix were 50% form amide, 
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2x SSC, 10% dextran sulfate, 500 /ig/ml calf 
thymus DNA, and 1 /ig/ml denatured probe 
DNA. Of this mix 20 /il was applied to each slide 
under a 22 mm x 30 mm glass coverslip and 
sealed with rubber cement. Slides were incubated 
for 3 to 6 h in a humid chamber at 37 °C. After 
hybridization, slides were washed 2 times, 10 min 
each, in 50% formamide, 2x SSC, pH 7, at 
42 °C; 2 times, 5 min each, in 2 x SSC, pH 7, at 
42 °C; and once in 1 x SSC, pH 7, for 10 min at 
room temperature. Slides were placed in PN buf- 
fer (0.1 M sodium phosphate, 0.05% Nonidet 
P-40, pH 8). Slides were not allowed to dry after 
this point. When poly(T)-tailed probe was used, 
35 /il of a 1 : 50 dilution of the BioBridge labeling 
molecule in PN buffer was applied to each slide, 
covered with a parafilm coverslip, and incubated 
10 min at room temperature. Slides were washed 
3 times, 10 min each, in PN buffer at 42 °C with 
gentle agitation. 



Detection and microscopy 

The next steps in the detection procedure follow 
the protocol of Pinkel etaL [20] with modifi- 
cations. Slides were incubated for 5 min in PNM 
buffer [PN buffer with 5% nonfat dry milk (Car- 
nation)] and then briefly drained. Each slide was 
layered with 35 /il of 3 /ig/ml fluorescein avidin 
DN (Vector Research Laboratories) in PNM buf- 
fer, covered with a parafilm coverslip, and 
incubated for 20 min at 37 °C. Slides were 
washed with buffer 3 times for 5 min each at 
42 °C. Slides were incubated in 5% normal goat 
serum in PN buffer, 35 /il per slide, for 5 min at 
room temperature and then drained. To each, 
35 /il of 5 /ig/ml biotinylated goat anti-avidin anti- 
body (Vector Research Laboratories) in PN buf- 
fer was applied and incubated 20 min at room 
temperature. Slides were washed as above, and a 
final layer of fluorescein avidin DN was applied. 
After washing, slides were mounted in 0.4 /ig/ml 
propidium iodide in an anti-fade solution [11]. 

Color slides of metaphase plates were taken 
using a Reichert-Jung Polyvar microscope 
equipped with a Reichert Plan Apo oil immersion 



objective (100 x , 1.32 numerical aperture) using 
Kodak Ektachrome 400 slide film with exposure 
times of 120 to 150 s. A Bl epifluorescent module 
with the following filters was used for simultane- 
ous visualization of propidium iodide-counter- 
stained chromosomes and fluorescein signal: 
excitation, 450 to 495 nm; dichroic mirror, DS 
510 nm; emission, LP 520 nm. A B4 module was 
used for visualization of the fluorescein signal 
alone and has the following filters: excitation, 475 
to 495 nm; dichroic mirror, DS 510 nm; emis- 
sion, BP 520 to 560 nm. A Gl module allowed 
visualization of propidium iodide stained chro- 
mosomes without the fluorescein signal: excita- 
tion, 546 nm; dichroic mirror, DS 580 nm; emis- 
sion, LP 590 nm. 



Results 

Chromosome spreading for in situ hybridization 

The overall approach for preparation of meta- 
phase chromosomes of sufficient quality for 
fluorescent in situ hybridization involved three 
major steps including arrest of cells at mitotic 
metaphase by chemical pretreatment, digestion of 
cell walls to obtain a relatively clean population of 
protoplasts, and spreading the chromosomes by 
lysing protoplasts directly on the slides. The chro- 
mosomes were detected by fluorescent dyes such 
as propidium iodide. In situ hybridization was 
performed using a biotin-labeled soybean ribo- 
somal DNA (rDNA) probe and the regions of 
homology were visualized using an avidin- 
fluorescein conjugate similar to procedures for 
human chromosomes [15, 20]. 

Metaphase chromosomes free of cellular debris 
were obtained following modifications of existing 
methods used previously for Zea mays [23], 
Sinapis alba [6], Crepis capillaris [1], Apium 
graveolens and Brassica carinata [18], and Triti- 
cum monococcum and Papaver somniferum [9]. In 
general, cellular debris must be removed by 
enzymatic digestion of the mitotic tissue and 
numerous washes of the protoplasts before they 
are spread directly on slides. Initial attempts with 
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Fig. /. Fluorescent detection of rDNA within interphase or clumped metaphase chromosomes from soybean root tips. The 
nick-translated and polyO>tailed pSR1.2B3 probe was used. Left, propidium iodide staining of total DNA; right, two very strong 
yellow fluorescent signals are observed in each of the three cells the B4 filter that detects only the fluorescein label. Magnifi- 
cation x 1200. 



Fig. 2. Detection of rDNA genes on soybean metaphase chromosomes. Bio-1 1-dUTP was incorporated into the pSR1.2B3 probe 
using nick translation without subsequent poly(T)-taihng. Chromosomes are counterstained with 0.25 fig/ml propidium iodide. 
Left panel, detection of propidium iodide staining with the Gl filter; middle, bluish fluorescence of the fluorescein signal only 
using the B4 filter that blocks propidium emission; right, yellow fluoresence of the fluorescein signal on the chromosomes using 

the Bl filter combination. Magnification x 1200. 
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soybean yielded slides relatively free of cellular 
debris but resulted in a high proportion of chro- 
mosomes in a 'clumped* arrangement as shown in 
Fig. 1. Although in situ hybridization can be per- 
formed on these clumps yielding two distinct 
fluorescent signals with the rDNA probe (Fig. l t 
right), the metaphase chromosomes in this 
arrangement offer no advantages over interphase 
cells. 

Failure of the soybean chromosomes to spread 
could result from the pretreatment used for arrest- 
ing cells, the fixative, or the way slides are pre- 
pared. Initially, we used colchicine pretreatment, 
Farmer's fixative (3 parts ethanol, 1 part acetic 
acid), and room temperature spreading. We then 
explored alternatives in an attempt to obtain a 
higher proportion of well spread chromosomes. 
Other pretreatment agents used to arrest meta- 
phase cells are para-dichlorobenzene, oc-mono- 
bromonaphthalene, or 8-hydroxyquinoline. As 
detailed in Materials and methods, the most 
promising results were obtained with 8-hydroxy- 
quinoline followed by tissue fixation in methanol- 
acetic acidchloroform (3:1:1). Humidity and 
cold slides sometimes aid chromosome spread- 
ing. Best results with soybean chromosomes were 
obtained when methanol cleaned slides were 
stored at - 70 °C for several hours before spread- 
ing and the prepared cell suspension was dropped 
immediately onto frosted slides taken from the 
freezer. Using this combination of pretreatment, 
fixative, and slide preparation, 50 to 75% of the 
soybean metaphase cells exhibit 40 well spread 
chromosomes that allowed direct detection of the 



in situ signal to individual chromosomes as shown 
in Figs. 2-6. 

Comparison of probe labeling methods for in situ 
hybridization 

Nick translation was used to incorporate the 
bio-ll-dUTP into total plasmid DNA and the 
size of fragments are adjusted to approximately 
300-1000 nucleotides. The nick-translated frag- 
ments were used directly as a probe or were 
further labeled by addition of poIy(T) tracts to the 
fragment ends with terminal deoxynucleotide 
transferase and hybridization to a poly(dA) mole- 
cule containing incorporated biotins (BioBridge). 
Thus, additional biotin residues should increase 
the amount of label available for detection. This 
appeared to be the case from comparing the inten- 
sity of the nick-translated probe to that of the 
nick-translated and tailed probe as judged by 
alkaline gel electrophoresis and detection on gel 
blots using avidin-alkaline phosphatase (data not 
shown). 

Figures 2 and 3 compare the results of in situ 
hybridization with the two labeling protocols. The 
rDNA probe was nick-translated with bio-11- 
dUTP (Fig. 2) or was nick-translated and also 
poly(T)-tailed (Fig. 3) to incorporate more biotin 
residues before use as a probe. In each case, two 
distinct yellow fluorescent signals are visible on 
separate metaphase chromosomes. However, 
when signal intensities are compared, it can be 
seen that signal from the probe that has also been 



< Fig. 3. Enhancement of in situ hybridization signal using additional biotin incorporation. Bio-1 1-dUTP was incorporated into 
the rDNA probe by nick translation followed by subsequent poly(T>taiIing and hybridization with a poly(dA) : biotin molecule 
as described in Materials and methods. Left panel, propidium iodide staining of chromosomes; middle, fluorescein signal only; 
right, simultaneous visualization of the fluorescein and propidium stains. 

Figs. 4 and 5. Detection of rDNA sequences on soybean metaphase chromosomes from plants trisomic for chromosome 1 3. The 
rDNA probe was labeled by both nick translation and poly(T)-tailing. Left, propidium iodide staining showing 41 chromosomes; 
right, simultaneous visualization of chromosomes and the fluorescein signal. Three intense yellow fluorescent fluorescein signals 

are distinguishable in each figure. Magnification x 1200. 

Fig, 6. In situ hybridization to a trisomic plant using a nick-translated rDNA probe without subsequent poly(T>tailing. Top, 
fluorescein signal on three of the metaphase chromosomes as compared to the propidium iodide stained chromosomes (bottom). 

Magnification x 1200. 
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poly(T)-tailed is several-fold more intense than 
the signal with a probe that is only nick-trans- 
lated. This is especially evident when the figures 
that show the fluorescein signals alone are com- 
pared (Figs. 2 and 3, middle panels in which the 
fluorescein is bluish green using this excitation 
and barrier filter combination). In more than 95 % 
of the chromosome spreads examined, it was 
apparent that there were two signals for the 
rDNA probe that were definitely located on indi- 
vidual chromosomes as opposed to background 
signal. 



Analysis of trisomic plants by in situ hybridization 

A primary trisomic line for the satellited chromo- 
some 13 that associates with the nucleolus [24, 
28, 29] was examined. Using the 18S rDNA 
probe, three very strong fluorescent signals were 
routinely visualized on individual metaphase 
chromosomes from plants trisomic for the satel- 
lited chromosome as shown in several independ- 
ent experiments (Figs. 4-6). Unambiguous 
assignment of the signal was aided by use of filter 
combinations that allow visualization of the same 
chromosome spread with either the propidium 
iodide alone or with the fluorescein signal super- 
imposed on the propidium iodide-stained chro- 
mosomes. For example, two adjacent chromo- 
somes in Fig. 5 display signal along with a third 
separate one. Use of biotinylated goat anti-avidin 
antibody to amplify the signal generally leads to a 
higher amount of background fluorescent spots 
and this step can be omitted for a cleaner prepa- 
ration. Again, the probes prepared using nick 
translation and poly(T) additions (Figs. 4 and 5) 
gave a more intense signal than those with nick 
translation alone (Fig. 6). 



Discussion 

The application of nonradioactive in situ hybridi- 
zation has facilitated the mapping of ribosomal 
RNA genes in several plant genomes [17, 21, 32]. 
Other repeated DNA sequences have been used 



as cytologic al markers in conjunction with non- 
radioactive in situ hybridization in wheat [22] and 
a low-copy DNA sequence in rye coding for the 
endosperm storage protein gene, Sec- J, has been 
localized to chromosome IRS [7]. With few 
exceptions, in situ hybridizations to plant chromo- 
somes have utilized either tritium or nonradio- 
active, enzymatic detection using biotin-labeled 
probes. In contrast, fluorescent detection is cur- 
rently used extensively in human chromosome 
analysis. Our results and those of Maluszynska 
and Schweizer [17] demonstrate the feasibility of 
employing fluorescent detection methods with 
plant chromosomes using probes to repetitive 
DNA. 

In most of the plant species cited above, the 
metaphase chromosomes can be karyotyped by 
size or differential staining. In soybean, however, 
the 40 metaphase chromosomes are very small. 
They cannot be karyotyped by size and do not 
produce significant banding patterns for identifi- 
cation [12, 25], In order to identify the individual 
chromosomes, meiotic cells must be employed 
and the first karyotype of soybean pachytene 
chromosomes was recently reported [27]. Each 
individual chromosome was identified by length 
and its heterochromatic and euchromatic regions. 
A considerably large segment of the chromosome 
13 short arm was associated with the nucleolus in 
pachytene and often appeared attached but the 
satellited nucleolar organizing region cannot be 
recognized in contracted somatic metaphase 
chromosomes. The 18S and 25 S rRNA genes are 
on the chromosomes that associate with the 
nucleolus in most organisms. Four primary tri- 
somies of soybean have been identified by pachy- 
tene analysis and include chromosomes 1, 4, 5, 
and 13 [28]. We observed in situ hybridization 
signals on three individual chromosomes of 
plants trisomic for chromosome 13 (Figs. 4-6). 
The intense signal from the rDNA probe appears 
to cover much of the chromosome so that the 
individual chromatid halves of the mitotic meta- 
phase chromosomes are not distinguished. If the 
18S rDNA genes were present on chromosomes 
other than chromosome 13, fluorescent signal 
should be observed on additional chromosomes. 
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We consistently observed only two or three 
hybridization signals in disomic and trisomic 
spreads, respectively, that had low background 
fluorescence. Thus, the 18S rDNA genes appear 
to be only on chromosome 13 as defined by the 
limits of sensitivity of this in situ hybridization 
procedure. This agrees with the observation that 
only chromosome 13 is associated with the nucle- 
olus during pachytene. Although soybean is likely 
an ancient polyploid, it appears that rDNA genes 
have been lost by mechanisms that lead to diploid- 
ization of many sequences during evolution [29]. 

Skorupsa etal. [29] also detected two and 
three signals respectively in 'squashes' of inter- 
phase cells from soybean disomic and trisomic 
lines using peroxidase detection of a biotin- 
labeled maize rDNA probe. However, the signal 
was not visualized directly on the chromosomes 
because of difficulties in spreading chromosomes 
that would survive the in situ hybridization condi- 
tions. In the present report, we have developed 
reliable methods for spreading the 40 mitotic 
soybean chromosomes and have used fluorescent 
labeling to simultaneously stain the chromosomes 
and detect the hybridization target sequences. 

Further refinements in the in situ hybridization 
technique for soybean will be to localize non- 
repetitive cloned genes to a particular chromo- 
some. Meiotic karyotyping [27] is currently per- 
formed with a 'squash' technique without removal 
of cell walls which may leave too much debris for 
in situ hybridization to be effective with low 
background signal. Additionally, it is rare to 
obtain chromosome spreads that display all 20 
meiotic chromosomes well separated within a 
chromosome spread of an individual cell. In situ 
localization using mitotic metaphase cells from 
aneuploid lines as demonstrated in this report is 
a potential alternative. In this regard, we are cur- 
rently examining the progeny of wide species 
crosses in an effort to generate and identify alien 
addition and substitution lines. 

Improvements in sensitivity must be achieved 
to allow rapid and reliable detection of short, 
non-repetitive probes using pachytene or meta- 
phase soybean chromosomes. There are very few 
reports of low-copy detection in plants to date 



and most of these have employed a statistical 
analysis to verify the presence of the label con- 
sistently on a particular chromosome. These 
include detection of the waxy gene on 48% of the 
chromosome 9 maize pachytene spreads that 
were examined using tritium detection [26]; 
tritium detection of the parsley chalcone synthase 
gene [10]; detection of integrated T-DNA in 
transformed Crepis capillaris [ 1 ] ; and detection of 
the low-copy Seel storage protein in rye [7]. 
Alternatively, it has been found that increasing the 
target size around a single-copy gene will allow 
consistent chromosome localizations despite dis- 
persed repeats present in human chromosomes. 
Thus, overlapping cosmid clones or yeast artificial 
chromosomes containing large (greater than 
100 kb) inserts can be used to effectively hybridize 
more biotin residues to the target region [30, 19]. 
The dispersed chromosomal repeats do not inter- 
fere or can be suppressed with unlabeled chromo- 
somal DNA before hybridization. 

We can roughly calculate the target size of the 
ribosomal probe used in the present studies in 
order to estimate the size of a contiguous probe 
that might be needed to effect a signal for a single- 
copy gene on the soybean metaphase chromo- 
somes with our current technology. The 18S and 
25S rDNA gene unit in soybean has a 7.8 kb total 
cistronic length and is present in about 500 to 800 
copies per haploid genome [3, 5]. Assuming 800 
copies and 100% hybridization of the 1.05 kb 
probe to each of the repeat units, then our signal 
detected a total of 800 kb over a 6200 kb tandem 
chromosomal region. A 10-fold reduction in sig- 
nal intensity should be reliably detectable without 
computer enhancement based on the very intense 
signal seen in Figs. 2-6. Thus, an 80 kb minimum 
target area should suffice. It is not unreasonable 
to obtain 150-300 kb inserts using yeast artificial 
cloning technology. In summary, several factors 
including increased clone size, improvements in 
spreading pachytene chromosomes, and increas- 
ed sensitivity for low light levels will be needed to 
refine the fluorescent in situ hybridization process 
in soybean and other plant species carrying small 
chromosomes. 
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Abstract 

Members of three prominent DNA families of Beta procumbens have been isolated as Sau3A repeats. 
Two families consisting of repeats of about 158 bp and 312 bp are organized as satellite DNAs (Sau3A 
satellites I and II), whereas the third family with a repeat length of 202 bp is interspersed throughout 
the genome. Multi-colour fluorescence in situ hybridization was used for physical mapping of the DNA 
families, and has shown that these tandemly organized families occur in large heterochromatic and DAPI 
positive blocks. The Sau3A satellite I hybridized exclusively around or near the centromeres of 10, 11 
or 12 chromosomes. The Sau3A satellite family I showed high intraspecific variability and high-resolution 
physical mapping was performed on pachytene chromosomes using differentially labelled repeats. The 
physical order of satellite subfamily arrays along a chromosome was visualized and provided evidence 
that large arrays of plant satellite repeats are not contiguous and consist of distinct subfamily domains. 
Re-hybridization of a heterologous rRNA probe to mitotic metaphase chromosomes revealed that the 
18S-5.8S-25S rRNA genes are located at subterminal position on one chromosome pair missing repeat 
clusters of the Sau3A satellite family I. It is known that arrays of Sau3A satellite I repeats are tightly 
linked to a nematode (Heterodera schachtii) resistance gene and our results show that the gene might be 
located close to the centromere. Large arrays of the Sau3A satellite II were found in centromeric regions 
of 16 chromosomes and, in addition, a considerable interspersion of repeats over all chromosomes was 
observed. The family of interspersed 202 bp repeats is uniformly distributed over all chromosomes and 
largely excluded from the rRNA gene cluster but shows local amplification in some regions. Southern 
hybridization has shown that all three families are specific for genomes of the section Procumbentes of 
the genus Beta. 



The nucleotide sequence data reported here will appear in the EMBL, Gen Bank and DDBJ Nucleotide Sequence Databases under 
the accession numbers Z22862 (pTS2), Z50807 (pTSl), Z5O809 (pTS5), Z50810 (pTS6), Z50811 (pTS23), Z50812 (pTSlOO), 
Z5O808 (pTS4.1) and Z22863 (pTS3). 
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Introduction 

Most differences in composition and complexity 
of higher plant genomes can be defined by repeti- 
tive DNA, and all plant species examined so far 
contain numerous DNA sequences with repeat- 
ing units varying widely in length and complexity. 
Two main types of repetitive DNA are distin- 
guishable by their genomic organization [for re- 
view see 7 and 35]. Dispersed repetitive DNA is 
a heterogeneous class of sequences with repeats 
interspersed throughout the genome and scattered 
over all or many chromosomes of the comple- 
ment [5, 13, 21, 40, 45]. However, it has been 
shown that the interspersion pattern of some 
repeats is often not random and that, in particu- 
lar, mobile sequences like retrotransposons oc- 
cur clustered in distinct regions of the genome 
[53]. 

Another class of repetitive sequences, known 
as satellite DNA [57], is organized in tandem 
arrays, often amplified up to 10 s to 10 6 copies/ 1C 
and can account for several percent of the nuclear 
DNA. Arrays of satellite DNA are predominantly 
found in subtelomeric or centromeric heterochro- 
matin blocks on single, multiple or all chromo- 
somes as shown by in situ hybridization [22, 24, 
31, 39, 63]. 

Although conservation of many tandem repeat 
families across species borders has been ob- 
served, their diversification in nucleotide se- 
quence, abundance and chromosomal localiza- 
tion over different evolutionary time scales often 
results in co-existence of closely related, diverged 
satellite DNA subsets or subfamilies within a ge- 
nome [ 30], In Drosophila melanogaster zxid human 
it has been shown that long arrays of tandem 
repeats are not contiguous and homogenized, and 
diverged satellite DNA subsets reside either in 
distinct domains of an individual chromosome or 
on separate chromosomes [8, 37, 64]. In con- 
trast, the long-range analysis of the TGRI satel- 
lite family in tomato lead to the suggestion that 
blocks of satellite sequences are homogenous and 
uninterrupted, and located at individual chromo- 
somal sites [ 12, 34]. 

Some families of tandemly repeated sequences 



undergo more rapid structural changes during 
speciation, and considerable divergence resulting 
in genus- or species-specific satellite sequences 
have been observed between closely related gen- 
era and species [ 17, 19, 51]. The investigation of 
satellite DNA conservation, divergence and re- 
organization can support taxonomic and phylo- 
genetic studies [15, 18, 23, 59]. While knowledge 
about the evolutionary relationships of diverged 
satellite DNA families leads to insights and un- 
derstanding of genome organization and evolu- 
tion, some of the analyzed satellite repeats have 
also proved to be useful molecular markers in 
plant breeding, and the selection of interspecies 
hybrids using genome-specific satellite repeats has 
been described for many crops [2, 55, 56, 61, 65, 
66]. 

The genus Beta is taxonomically divided into 
the sections Beta y Corollinae, Nanae and Procum- 
bentes. Sugar beet, fodder beet, beet root and 
mangold are cultivated forms of the species Beta 
vulgaris L. (2n = 18) in the section Beta. Their 
genomes contain some 60% repetitive DNA se- 
quences [11] and have a haploid genome size of 
about 750 Mb [4]. Despite the small size of the 
chromosomes, both mitotic and meiotic karyo- 
types have been made and enabled chromosomal 
analyses of Beta species [9]. Wild beets of the 
sections Corollinae and Procumbentes provide 
valuable genetic resources for breeders because of 
their potential to serve as donors of agronomi- 
cally valuable genes. Genes giving resistance or 
tolerance to the beet cyst nematode (Heterodera 
schachtii Schm.) have been found in wild beet 
species of the section Procumbentes, and intersec- 
tion crosses with B. vulgaris established nema- 
tode-resistant lines including monosomic addi- 
tions (2/2=19), fragment additions or diploid 
translocation [6, 20, 28, 38, 42, 49]. A set of re- 
petitive DNA sequences specific for the genome 
of B. procumbens has been isolated and proved to 
be useful markers for the selection of resistant 
breeding lines of B. vulgaris in rapid screening 
approaches [52, 25]. Arrays of one repetitive se- 
quence have been found physically close to the 
nematode resistance locus as shown by analyses 
of YAC and lambda clones spanning the intro- 
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gressed wild beet chromosome segment in B. vul- 
garis [33, 32, 46]. 

Nothing is known about the chromosomal dis- 
tribution and organization of genome-specific, 
highly repetitive sequences within the genome of 
B. procumbens. Here we describe the molecular 
cytogenetics of prominent repetitive DNA fami- 
lies from B. procumbens. We have analysed the 
molecular structure, genomic organization and 
interspecies distribution of two non-homologous 
satellite repeats and one family of highly repeated, 
interspersed DNA sequences. Multi-colour fluo- 
rescence in situ hybridization was used for physi- 
cal mapping of repetitive DNA families and genes 
coding for the 18S-5.8S-25S rRNA on mitotic 
metaphase chromosomes of B. procumbens, while 
the analysis of extended meiotic chromosomes at 
pachytene enabled the localization of satellite 
subsets in discrete domains. 



Material and methods 

Plant material 

Wild beet species used in this study were kindly 
provided by Dr L. Frese (Institut fur Pflanzen- 
bau, FAL Braunschweig, FRG) and Dr B. Ford- 
loyd (University of Birmingham). Beta vulgaris 
cv. Rosamona and Spinacea oleracea are com- 
mercially available cultivars. Plants were grown 
under green house conditions. Chenopodium 
bonus-henricus was collected in the Botanical 
Garden of the University Halle (FRG). All gen- 
era investigated belong to the Chenopodiaceae 
family. 

DNA isolation, cloning and Southern hybridization 

Genomic DNA from B. procumbens was isolated 
from fresh leaf material, digested with Sau3A and 
cloned into pUC18. Recombinant clones contain- 
ing repetitive DNA sequences were selected by 
colony or dot blot hybridization with genomic 
DNA [52]. To isolate and clone a full length re- 
peat, the following primers were designed from a 



partial monomer of the Sau3A satellite family II 
and used for the polymerase chain reaction: 5'- 
CG A AA ACGGTAAATCGG-3 ' and 5-GTG- 
GACTATTACTAACGCC-3 ' . PCR was carried 
out for 35 cycles, each comprising of a 1 min at 
92 °C, 1 min at 54 °C and 1 min at 72 °C. The 
PCR product, consisting of the basic repeats and 
multimers thereof, was cloned into pUC18. For 
Southern blot analyses genomic DNA from wild 
and cultivated beet species was digested, electro- 
phoresed on 1.2% agarose gels and transferred 
onto nylon membranes using standard techniques 
[48]. After labelling with [a- 32 P]dATP by ran- 
dom priming, clones were hybridized to Southern 
blots at 62 °C overnight and washed in 2 x SSC/ 
0.1% SDS at 62 °C. 



Fluorescence in situ hybridization 

Young flower buds from B. procumbens, treated 
in 2 mM 8-hydroxyquinoline for 2 h and fixed in 
methanol/acetic acid (3:1), were used as material 
for in situ hybridization. Chromosomes were pre- 
pared after 2.5 h digestion at 37 °C in enzyme 
solution consisting of 2% cellulase (Calbiochem) 
and 20% pectinase in 10 mM citric acid/sodium 
citrate pH 4.6. In situ hybridization was per- 
formed as described [54] with 79% stringency 
according to Meinkoth and Wahl [41]. Probes 
were labelled with digoxigenin-ll-dUTP or bi- 
otin-li-dUTP using PCR and detected with 
FITC conjugated anti-digoxigenin antibody 
(green images) and streptavidin-Cy3 conjugate 
(red images), respectively. Slides were counter- 
stained with DAPI (4\6-diamino-2-phenyiin- 
dole) and mounted in antifade solution. For re- 
probing, the cover slip was removed and slides 
were washed in 2 x SSC, dehydrated in an etha- 
nol series and re-hybridized with a differently la- 
belled probe. Slides were examined with a Leica 
epifluorescence microscope with filters sets A, 
12/3 and N2.1. Microphotographs were taken on 
colour print film, digitized to photo CD and 
printed using Adobe Photoshop after contrast 
optimization of the whole image. 
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Results 

Molecular structure of major repeat families of 
B. procumbens 

Three families of repeated DNA sequences were 
isolated from the genome of B. procumbens by 
random cloning of Sau3 A fragments followed by 
screening of the resulting plasmid libraries for 
highly repetitive clones. 

Members of one sequence family, referred to as 
the Sau3A satellite I or 158 bp repeat family, are 
represented by the inserts of pTSl, pTS2, pTS5, 
pTS6 and pTSlOO and shown in Fig. 1A. The 
monomers are 158-159 bp long and contain 68- 
71% adenine and thymidine residues. Internal 
Sau3A recognition sites, formed by single base 
pair mutations, released partial repeat units in 
pTSl and pTS23, which are 94 bp and 130 bp 
long, respectively, but belong to the same family 
of repeats. More than 24% sequence divergence 
between monomer units was detected. Although 
many of the observed mutations show no appar- 
ent patterns, some occur in more than one repeat 
suggesting that these alterations have been fixed 
in subsets of the satellite family. The occurrence 
of conserved nucleotides allowed the discrimina- 
tion of repeat variants, with the monomer pTS6 
showing the highest number of nucleotide alter- 
ations. In addition to single nucleotide mutations, 
a deletion of 7 bp from nucleotide 102 to 109, was 
found. 

Southern hybridization to genomic DNA blots 
was performed to investigate the genomic orga- 
nization of the 158 bp repeat family (Fig. 2 A). A 
ladder pattern typical for a satellite DNA genome 
organization was detected in Sau3A and Dra\ 
digests after probing with the labelled repeat 
pTS5. Both restriction enzymes have recognition 
sites within most analysed repeats, and the stron- 
gest hybridization signals in these digests corre- 
sponded to monomers. However, digestion with 
Sau3A revealed also a population of fragments of 



approximately half the monomer size visible as a 
less intensive hybridization signal below the 
monomers. This observation indicates that in a 
subset additional recognition sites have emerged 
and is consistent with the observed sequence di- 
vergence and detection of internal Sau3A sites in 
pTSl and pTS23. Hybridization to DNA di- 
gested with BamHI, BgUl and /findlll resulted in 
intense signals greater than 20 kb demonstrating 
the absence of these sites within tandem arrays, 
although some smear, in particular in BgUl di- 
gests, was observed. Taken together, these results 
reflect that sequences of this prominent DNA 
family of B. procumbens are organized in large 
clusters of long tandem arrays. Studies of the 
methylation, performed by Southern hybridiza- 
tion using the isochizomeric enzyme pairs Sau3A/ 
Ndell and Hpall/Mspl differing in sensitivity to 
5-methylation of cytosine [43], revealed that 
GATC sites show some methylation of the cy- 
tosine, whereas in most CCGG sites both cy- 
tosine residues are methylated (Fig. 3). Although 
no CCGG sites were found in the clones analy- 
sed, those sites are likely to be present in other 
members of the family, since there are several 
positions within the repeats where a single base 
pair mutation can result in a HpaU/Mspl recog- 
nition site. 

In contrast, a significant higher methylation of 
the internal cytosine of CCGG sites and a simi- 
lar proportion of methylated cytosine in GATC 
sites is characteristic for members of a second 
large family of B. procumbens repeats (Fig. 3b). 

To isolate a full length monomer of the second 
sequence family, PCR was performed with prim- 
ers designed from a partial repeat [52]. Amplifi- 
cation of genomic DNA resulted in products con- 
sisting of a basic repeat and multimers thereof. 
Purified PCR products were digested with Sau3 A 
and cloned. The selected clone pTS4.1 contains 
a monomer of 312 bp and an A + T content of 
49% (Fig. lb). This sequence represents a large 
fraction of the wild beet genome and is called 



Fig. 1. Nucleotide sequence of the Sau3A satellite DNA I (A) and II (B) and the family of dispersed 202 bp repeats from 
B. procumbens (C). For comparison, the repeat pRK.643 [27] and the consensus sequences of the Satl2l.l and Satl21.2 [46] were 
included in A. Identical nucleotides are shown by dots. Gaps introduced for optimal alignment are shown by dashes. 
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10 20 30 40 50 

pTS2 GATCCAAGCC -TTCATATGC TTTAAATATA TCTAATACCC ATTCAAGGAG 

pTSl G, . . G. . . ,T C 

pTS5 -..AG C C T ...A 

pTSS G A. -T....T T 

pTS23 

pTSlOO G A A c rr.T 

pRK643 TG...G C C C A.T ...A 

Sat 12 1.1 G C C C T ...A A 

Satl21.2 G C T 

60 70 80 90 100 

pTS2 ACAAAAAATA TTTGGTAATT AAGCACAAAA AA-TGACTTA AAAAG-TGTG 

pTSl T - T TTA....C. . .A.T.T. .G . ..-.T. ..T 

pTS5 T -C. A. A TC. T..G . . .-.G. . .T 

pTS6 T ..C C. ..-.T.T..G ..T..-..AC 

pTS23 G..C .TT.CTG.C. . .A. .AT. .G . ..-.G.T.T 

pTSlOO T -.. G C T..T . ..-.G T 

pRK643 T -C. A. A TCC . .-...T..G . . .-.G. . .T 

Satl21.1 TA -CA A. A TC. ......T..G ...-.G...T 

Sat 12 1.2 T -.A T C. . .A. A.T. .G ...-.G...T 

110 120 130 140 150 

pTS2 — CATACCCC ACACA-TCCC CTAATAGACT ATGACGGTTTT ACCCTTTGT 

pTSl — A A.-..G G A A 

pTS5 T- A. A ...A.-..T. G. . .G.T TA A A 

pTS6 AC... — .A.-..G G TA A A 

PTS23 — A.. .T.A.-..A G T A 

pTSlOO — ..A. .A.- ...A.-..G G...A. . .A. . .A A 

pRR643 --T ATA T..A.-..T. G. . .G TA...— ...A 

Satl21.1 — A AAA. .T. G...G..... . . . .TA A A 

Satl21.2 — A AA-..G G A 

160 

pTS2 TTTAAAAT AAGTTT 

pTSl T. G 

pTS5 . . .G G 

pTS6 GC. . . . 

pTS23 ...G 

pTSlOO . A.G 

pRK643 -. .G. .-. G - 

Satl21.1 ...G G 

Sat.121. 2 G. A 



B Sau3A satellite family D (pTS4.1) 

10 20 30 40 50 

GATCATGTCC AAAAATATTT TAGGGCCTCC TTGGGCCAAA TGACGCCCTT 

60 70 80 90 100 

TGGAACCTTA ACATGCCGAA AATCGGGTAC CGGATACCTT CCAATCCCAC 

110 120 130 140 150 

CTCCGTAATT CCGACCAATA TCGATAACCG ACTCGGGAGG CCATTTAGAG 

160 170 ISO 190 200 

ACTCTTTTGG GGCTTGAAGC CCCCCAAAAT TTACAGAGAC CCTATGGGGA 

210 220 230 240 250 

CCCCCGGGAA GGCACATGTG AAAAAAAATT ACCCTGCCCA AAAATGTTCC 

260 270 280 290 300 

GATTTACCCG TTTTTGGTGG ACT ATT ACT A ACGCCCCGGC CACGACCCAG 

310 

GGTCCGGAGT TG 



C 5au3A sequence family m (pTS3) 

10 20 30 40 50 

GATCAAAAGG AAGGATTGGA GATGAATTTT TGATCGCCTT AGGTTAGTCA 

60 70 80 90 100 

ATAGGTGACT TCACATGAGA ATAGTGTTAG GCTTCTAGGA CCTTAATCGA 

110 120 130 140 150 

AGCTATGAGG TGGAATATGA TCGATATTTT ACCTAGAGTA GGAAATTGGT 

160 170 180 190 200 

TTTAAGTCCC TAATTAGCGC GGCTAATTAG GAACAAGAGT GCTATCCCTT 



AT 
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Fig. 2. Genomic organization of prominent repeat families of 
B. procumbent. DNA from B. procumbens was digested with 
BamHl (1), Bglll (2), SaulA (3), Dral (4) and Hmdlll (5), 
electrophoresed and blotted. Identical filters were hybridized 
with the probes pTS5 (A), pTS4.1 (B) and pTS3 (C). Size 
marker from top 23.1 kb, 9.4 kb, 6.5 kb, 4,4 kb, 2.3 kb and 
2.0 bp. 



A B 
12 3 4 12 3 4 




Fig. 3. Methylation of B. procumbens satellite DNA se- 
quences. Genomic DNA was digested with SaulA (A), Ndell 
(2), Hpall (3) and Mspl (4), electrophoresed and blotted. Fil- 
ters were hybridized with probes pTS5 of repeat family I (A) 
and pTS4.1 of repeat family U (B). Size markers from top: 
23.1 kb, 9.4 kb, 6.5 kb, 4.4 kb, 2.3 kb and 2.0 kb. 

Saw3A satellite II or 312 bp repeat family. The 
homology to the Sau3A satellite family I from 
B. procumbens is confined to the 13 bp motif 5'- 



CA AAAAATATTTT-3 ' that was found in both 
pTS4.1 and pTSl. Internal subrepeats were not 
observed, and short sequence repetitions mostly 
consisted of mononucleotide stretches. The mo- 
lecular arrangement of the 312 bp repeats was 
studied by genomic Southern hybridization and 
revealed, by the ladder-like hybridization pattern 
with increasing fragments in Sau3A digests and 
indicative in Dral and BamHl digests, that this 
sequence is organized in tandem arrays and hence 
is a second 5*71*3 A satellite of the B. procumbens 
genome (Fig. 2B). However, compared to the 
Sau3A satellite family I, the ladder pattern is less 
pronounced even after longer exposure implying 
an additional inter spersion of the repeats into 
many regions of the genome. This finding is sup- 
ported by the observed smear over a wide range 
of middle and high molecular weight fragments 
visible after hybridization to BamHl, Bglll, Dral- 
and //i/idlll-digested genomic DNA. 

A third major sequence family, represented by 
pTS3, was isolated by screening of a B. procum- 
bens plasmid library. The clone pTS3 harbours a 
repetitive Sa«3A fragment of 202 bp with 61% 
adenine and thymidine residues and has no ho- 
mology to the 158 bp and 312 bp satellite DNA 
family (Fig. 1C). In contrast to both Sau3A sat- 
ellite DNAs with repeats arranged in tandem ar- 
rays, this sequence family shows a different ge- 
nomic organization. The insert of pTS3 is a highly 
repetitive component of the B. procumbens ge- 
nome and interspersed with many different ge- 
nomic sequences, displayed by the complex hy- 
bridization patterns in Dral and Hindlll digests 
(Fig. 2C). However, the Sau3A repeat III is also 
part of a larger repetition unit detected as a 
strongly hybridizing 1.5 kb Bglll fragment of 
moderate copy number. It is likely that these 
1.5 kb fragments represent a higher order unit 
which is amplified and tandemly organized in 
some regions of the B. procumbens genome. De- 
spite the similarity to the complex Southern hy- 
bridization pattern of retrotranspo son -like se- 
quences no homology to those elements was 
found. 

Computer analysis of the structure of all three 
sequence families showed small inverted or direct 
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repeats, but none of them was significant and 
noteworthy. 

Localization of repeat families on chromosomes of 
B. procumbens 

The chromosomes for the physical mapping by 
fluorescence in situ hybridization were prepared 
from flower buds of B. procumbens. Fig. 4a— m 
shows micrographs after fluorescence in situ 
hybridization and counterstaining with the DNA- 
specific fluorochrome DAPI. Under UV excita- 
tion, the DAPI stained submetacentric to subte- 
locentric chromosomes of B. procumbens showed 
large heterochromatic chromomers around the 
centromeric constriction. 

Members of the Sau3A satellite family I, con- 
sisting of 158 bp repeats, reside in DAPI stained 
chromosomes of 10 to 12 chromosomes. Hybrid- 
ization with clone pTS5 revealed a distribution of 
the SauSA satellite I near or around the 
centromeres (Fig. 4a-d, k, m). One pair of very 
strong hybridization signals was localized within 
the brightly D API-stained region of one chromo- 
some pair with subterminal centromeric constric- 
tion. These major sites represent very large blocks 
of tandem arrays of the 158 bp Sau3A repeat. A 
pair of minor sites was found on two subtelocen- 
tric chromosomes (Fig. 4b). The hybridization 
signal was weak but reproducible and found in all 
metaphases. In contrast, the number of the re- 
maining sites hybridizing with middle to strong 
signal varied between six and eight depending on 
the plant investigated. Slides were re-hybridized 
with the heterologous probe pTa71 which con- 
tains the 18S-5.8S-25S rRNA genes and inter- 
genic spacer sequences from Triticum aestivum 
[14]. InU. procumbens the genes for the 18S-5.8S- 
25 S rRNA were mapped at a subterminal posi- 
tion on the short arm of one chromosome pair 
(Fig. 4c, d). No hybridization of pTS5 was found 
on the NOR chromosomes and, hence this pair 
of chromosomes does not carry repeats of the 
Sau3A satellite family in detectable copy number. 

The sequence analysis of six cloned monomers 
revealed considerable divergence between repeats 
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of the Sau3A satellite family I. The repeats pTS5 
and pTS6 share only 75.2% identity, and specific 
nucleotide alterations and an internal deletion 
allow a clear differentiation. Multi-colour in situ 
hybridization with pTS5 and pTS6, labelled with 
different fluorochromes, was carried out to exam- 
ine the chromosomal distribution of the Sau3A 
satellite subfamilies. Mitotic chromosomes of 
genus Beta are relatively small, and therefore more 
extended pachytene (meiotic prophase) nuclei 
were prepared and used for in situ hybridization. 
The hybridization was performed at 76% strin- 
gency, post-hybridization washes were done at 
79% stringency and hence were above the inter- 
nal homology between pTS5 and pTS6. Both sat- 
ellite subfamilies hybridized to similar chromo- 
somal locations as detected by red signals of pTS5 
and green signals of pTS6. The hybridization sites 
correspond to brightly stained heterochromatin 
blocks visible as blue DAPI fluorescence 
(Fig.4g). 

Under the stringent hybridization conditions 
choosen here, the two subfamilies are not inter- 
spersed but organized in distinct domains. One 
large array of satellite repeats (arrowed in 
Fig. 4h, j) comprises at least three repeat domains 
mapped in the order pTS6-pTS5-pTS6 as visu- 
alized by multi-colour in situ hybridization and 
image superimposition (Fig. 4i). The extended 
pachytene chromosomes enabled the detection of 
a long tandem array consisting of repeats of the 
pTS5 subfamily and showing red fluorescence. 
This pTS5 domain is flanked by long stretches of 
repeats belonging to the diverged pTS6-like sub- 
family and detected as green signal. The super- 
imposed image showed that all three domains are 
adjacent to each other. 

The Sau3A satellite family II, composed of 
312 bp repeats, was physically mapped with the 
probe pTS4.1. The strongest hybridization sig- 
nals were found in heterochromatic, DAPI- 
positive regions of 16 B. procumbens chromo- 
somes (Fig. 4e, 0* The size of the hybridizing 
regions varied over a relatively wide range, caused 
by different numbers of repeats on individual 
chromosomal sites. By double-target in situ hy- 
bridization using the differently labelled probes 



pTS4.1 and pTS5, the two strongest hybridiza- 
tion sites of the Sau3A repeat families I and II 
were co-localized on one chromosome pair (not 
shown). However, despite an organization in tan- 
dem arrays there is also considerable dispersion 
of the 312 bp repeat throughout the genome, de- 
picted by weak hybridization of pTS4. 1 along all 
18 chromosomes of B. procumbens (Fig. 4f). 

The chromosomal localization of the third 
prominent B. procumbens repeat was investigated 
by hybridization of the digoxigenin-labelled probe 
pTS3 to mitotic metaphase chromosomes. After 
detection with an FITC-conjugated antibody, 
uniform hybridization signals along all chromo- 
some arms were observed and showed the dis- 
persed distribution of this sequence class 
(Fig. 4k, 1). However, almost no hybridization 
signals were discovered on the chromosome arm 
with the secondary constriction, indicating exclu- 
sion of pTS3 from a chromosomal region, which 
mainly consists of tandem arrays of the 18S-5.8S- 
25 S rRNA genes. In addition to the interspersed 
distribution, discrete clusters were detected at 
single intercalary domains on four chromosomes, 
presumably displaying the local amplification of 
pTS3-like sequences (arrowed in Fig. 41). By 
double-labelling in situ hybridization experiments 
it was shown that the intercalary amplification 
and clustering of pTS3 occurs on chromosomes 
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which lack the 158 bp repeats of the Sau3A sat- 
ellite family I (Fig. 41, m). 

m 

Distribution of the three Saui^ families within spe- 
cies of the genus Beta 

Southern hybridization experiments were per- 
formed to investigate whether related genomes in 
the other three sections of the genus and species 
in the Chenopodiaceae contain sequences with ho- 
mology to the major B. procumbens repeat classes. 
Hybridization with repeats of the three DNA 
families from B. procumbens revealed a very simi- 
lar picture (Fig. 5A-C). All three DNA families 
show identical hybridization patterns in the ge- 
nome of B. patellaris indicating that no rearrange- 
ment occurred. Both B. procumbens and B. patel- 
laris belong to the section Procumbentes, and the 
similar genomic organization of all three repeti- 
tive sequences is in agreement with their close 
taxonomic relationship. The B. procumbens re- 
peats were also detected in B, nana, although the 
very weak hybridization signal indicates a high 
divergence of the hybridized sequences which, 
however, does not exclude a homology in short 
internal domains. The 158 bp repeats of the 
Sau3A family I from B. procumbens hybridized 
with B, nana fragments of high molecular weight 



Fig. 4. In situ hybridization showing the localization of repetitive DNA sequences and 18S-5.8S-25S rRNA genes on chromosomes 
prepared from flower buds of £?. procumbens. a. Metaphase chromosomes stained with DAPI (blue fluorescence), b. The same 
metaphase chromosomes after in situ hybridization with the Sau3A repeat family I (pTS5). Major sites are visible by bright red 
fluorescence and arrows point to a pair of minor satellite repeat clusters, c. Re-hybridization of the same metaphase with an rRNA 
gene probe shows arrays of the 18S-5.8S-25S rRNA genes subterminal on one pair of chromosomes (green fluorescence), d. mitotic 
prophase stained with DAPI (blue) after double-target in situ hybridization with the Sau3A repeat I (green signal) and the 18S- 
5.8S-25S rRNA gene probe (red signal), e. Blue fluorescence of metaphase chromosomes after DAPI staining, f. The same 
metaphase after hybridization with the Sau3A satellite II pTS4.1. Bright red signals at centromeres and red fluorescence of the 
chromosomes show the organization of Sau3A satellite II repeats in major clusters with considerable dispersion along all arms, 
g-j. High-resolution analysis of Sau3A satellite I subfamilies on meiotic pachytene chromosomes, g. D API-stained pachytene 
chromosomes, h. The same chromosome spread after in situ hybridization with pTSS (red signal) showing one array (arrow) flanked 
by repeats of the pTS6 subfamily (see j). j. Green fluorescence visualizes the distribution of the subfamily represented by pTS6. 
The arrow is directed to the gap where an array of the diverged pTS5 subfamily resides, i. Overlayed image of h and j. K. DAPI 
stained metaphase chromosomes. The NOR chromosomes are indicated with open arrowheads. L. In situ hybridization with clone 
pTS3, representing a family of dispersed SauSA repeats. Chromosomal distribution over all chromosomes is visible as yellowgreen 
fluorescence. Local amplification of pTS3 repeats are indicated by arrows, m. The same metaphase after hybridization with clone 
pTS5 of the Sau3A family 1 (red signals). 
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Fig. 5. Genomic distribution of three major repeat families of B. procumbens in related Chenopodiaceae genomes. Sa u3A-digested 
DN A of B. procumbens {\\B. patellaris (2), B. vulgaris ssp. altissima (3), B. vulgaris ssp. maririma (4), B. lomatogona (5), B. corollifiora 
(6), B. nana (7), S. oieracea (8) and C bonus-henricus (9) was electrophoresed and blotted. Filters were hybridized with the probes 
pTS5 of family I (A), pTS4. 1 of family II (B) and pTS3 of family III (C). Size marker from top 23. 1 kb, 9.4 kb, 6.5 kb, 4.4 kb, 
2.3 kb and 2.0 kb. 



which lack Sau3A sites and probably have a dif- 
ferent genomic organization (Fig. 5 A). No hybrid- 
ization was observed in the remaining species of 
the genus Beta, and in S. oieracea and C. bonus- 
henricus indicating that the investigated repetitive 
DNA families or related motifs are absent or 
greatly diverged in these genomes. 



Discussion 

We have investigated the genomic organization, 
chromosomal localization and interspecies distri- 
bution of three Sau3A repeat families from 
B. procumbens by Southern and fluorescence 
in situ hybridization (Figs. 2—5). 

The three repeat classes account for a consid- 
erable fraction of the repeated DNA. The homol- 
ogy of the Sau3A satellite families I (pTSl, 2, 5, 
6, 100) and II (pTS4.1) is restricted to short 
stretches only with a maximum of a 13 bp A + T- 
rich sequence motif, indicating that the Sau3A 



satellite families evolved from different ancestral 
sequences (Fig. 1 A, B). The study of cytosine me- 
thylation [16] revealed that sequences of the 
Sau3A family I are less methylated than se- 
quences of the Sau3A family II (Fig. 3). That 
might be explained by the different G + C content 
which is ca. 20% higher in the SauSA family II 
(Fig. 1A,B), but might also reflect a difference 
within the genetic methylation pattern of both 
families. Methylation of repetitive DNA in plants 
is variable, but also under genetic control as 
shown by the investigation of hypomethylation 
mutants of A. thaliana [62] and an undermethy- 
lated satellite DNA family in Pennisetum glaucum 
[31]. 

The Sau3A family I consists of monomers of 
about 158 bp, a typical nucleosome repeat, and 
resembles a prominent DNA family of B, proc- 
umbens. First isolated as pTSl and pTS2 [52], 
homologous sequences and hence members of the 
same sequence family were isolated as pRK643 
[27], probe 121-3 from B. patellaris [47] and 
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Satl21.1 and Satl21.2 [46] (Fig. 1A). By slot 
blot hybridizations we calculated a copy number 
of this satellite DNA family of about 30000 to 
40000 in a diploid genome, but due to the ob- 
served sequence divergence this value must be 
considered only as an estimation of the order of 
magnitude (data not shown). From the strength 
of hybridization we estimate the number of 312 bp 
repeats of the Sau3 A satellite family II to be lower. 

Satellite DNA is often found in heterochro- 
matic regions close to the telomeres and cen- 
tromeres of plant chromosomes. By fluorescence 
in situ hybridization it was demonstrated that 
158 bp repeat clusters of the Sau3A satellite I 
exclusively co-localize with many of the largest 
DAPI positive, paracentromeric, heterochro- 
matic regions in B. procumbens (Fig. 4a-d). There 
is a remarkable chromosomal polymorphism re- 
garding the number of sites. Two major and two 
faint centromeric clusters were detected repro- 
ducibly. The number of the remaining sites varied 
between six and eight, reflecting that this satellite 
family is probably not fully homogenized at the 
chromosomal level and the total number of arrays 
has not been fixed in B. procumbens. It has been 
suggested that different numbers of repeat clus- 
ters may represent intermediate or transition 
stages in the evolution of satellite DNA families 
[7, 58], although equally, random occurrence of 
the events leading to dispersion, amplification or 
deletion of the sequences may give the polymor- 
phisms observed- 
Tandem arrays of the Sau3A satellite II coin- 
cided with centromeres of sixteen chromosomes 
(Fig. 4a-d). Multi-colour hybridization enabled 
the assignment of the two major repeat clusters of 
Sau3 A satellite families I and II to the same chro- 
mosome pair. Centromeric satellite repeats have 
been observed in many plants, and the actual size 
and hence length of the arrays varies often to a 
considerable extent between chromosomes of a 
complement [19, 31, 35]. Aside from their cen- 
tromeric localization with substantial variation of 
copy number per hybridization site, the repeats of 
the Sau3 A satellite family II were also found along 
all chromosome arms (Fig. 4e-f). The observed 
chromosomal interspersion is consistent with the 
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pattern revealed by Southern hybridization 
(Fig. 2b). The mechanism of dispersion is not 
known, but might involve unequal exchange, 
transposition or gene conversion. The movement 
of a repetitive DNA sequence in Oryza species by 
transposition has recently been described [44], 

Members of the Sau3A family III (pTS3) are 
interspersed and almost uniformly distributed 
over all B. procumbens chromosomes. pTS3-like 
repeats occur in clusters at a few chromosomal 
regions, and may be part of or homologous to a 
larger repeat amplified on these sites, consistent 
with the 1.5 kb Bgill fragments detected in ge- 
nomic Southern hybridization. Remarkable is the 
almost complete exclusion from the short arm of 
chromosome 3 (following the numbering of de 
Jong and Blom in [9]) which harbours the tan- 
dem arrays of the 18S-5.8S-25S rRNA genes. In 
B, vulgaris, absence from the nucleolus organizer 
region is a typical feature of Tyl-copia~\\We ret- 
rotransposons and of BNR1, a family of LINE- 
like non-LTR retrotransposons [53]. Both ret- 
rotransposon types have also been found in 
Procumbentes species (S. Kubis and T. Schmidt, 
unpublished results); however, no homology was 
detected between pTS3 and either of the retro- 
elements. Dispersed repetitive DNA sequences 
which do not fully display the typical structures 
and features of mobile elements have been char- 
acterized in rye and barley [21, 45]. A homology 
search within the EMBL/GenBank data library 
did not reveal any homology to other transpos- 
able elements so that the spreading mechanism of 
pTS3 remains unclear. 

In species of the genus Beta, the chromosomes 
are relatively small, similar in size and have an 
average DNA content of ca. 80-90 Mb per chro- 
mosome based on a haploid genome size of 
750 Mb [4]. Fluorescence in situ hybridization to 
extended target sites of pachytene chromosomes 
enables the physical location of DNA sequences 
and determination of their order along the chro- 
mosomes with high resolution and has also been 
used for fine mapping of rRNA genes and tan- 
demly repeated sequences of Secale cereaie [1], 
We performed a high-resolution physical map- 
ping with two diverged repeats from the Sau3A 



1110 

satellite I. Within the analysed monomers of this 
family, pTS6 shows the highest divergence, is the 
only one with an internal deletion, and the low- 
est sequence identity was found to pTS5. Diver- 
gence by base pair substitutions, deletions and 
insertions results in a gradient of homology (se- 
quence identity) between variants of a satellite 
repeat population, and also affects and limits the 
definition of a sequence family (Fig. 1A), Se- 
quence heterogeneity can be used to characterize 
individual variants or groups but is probably not 
a sufficient criterion to circumscribe a subfamily. 

Under stringency conditions higher than the 
internal sequence homology the repeats pTS5 and 
pTS6 hybridized to six distinct sites on the hap- 
loid complement (n = 9), but one centromeric site 
showed a compound structure: the internal re- 
gion, sharpely defined by red fluorescence and 
consisting of a long pTS5 array, is flanked on 
both sides by pTS6 clusters (green fluorescence) 
running into non-homologous genomic DNA se- 
quences. Our results show clearly that pTS5 and 
pTS6 are not only variants but represent indeed 
different subfamilies that can be spatially sepa- 
rated. The localization of diverged satellite sub- 
families in different intrachromosomal domains is 
novel and has not yet been reported in plants. The 
presence of three distinct alphoid DNA domains 
at the centromere of human chromosome 22 has 
been shown by in situ hybridization on extended 
chromatin [3]. Different subsets were also found 
on chromosome 17 of man [64], but subsets of 
alphoid satellite sequences in man are mostly spe- 
cific for individual chromosomes [reviewed in 8]. 
In D. melanogaster y it has been shown that satel- 
lite DNAs, closely related in sequence, are often 
located near one another on the same chromo- 
some [37]. 

The compound structure of a Saw3A satellite I 
repeat block indicates strongly that, in addition to 
the localization on separate chromosomes, the 
large scale organization of tandemly repeated 
DNA in plants includes co-existence of subsets in 
discrete intrachromosomal domains. It can be as- 
sumed that there are constraints where individual 
subfamilies are located, most likely caused by 
their amplification mechanisms like unequal 



cross-over of sister chromatids or slipped-strand 
replication (leading to sequence homogenization) 
since the domains were found on one chromo- 
some [36]. The analysis of YAC and Lambda 
clones of alien B, procwnbens chromatin in B, vul- 
garis has shown that repeats of the Sau3A satel- 
lite family I are interspersed with other wild beet 
sequences [32], In contrast, in tomato it was pro- 
posed that large clusters of the TGRI satellite are 
uninterrupted [12, 34]. 

Nematode-resistant lines (2n « 1 9) of cultivated 
beet have been selected after interspecific crosses 
between B. vulgaris and Procumbentes species 
[summarized in 29]. Probes with homology to the 
Saw3A satellite family I have been intensively used 
for screening [52, 25] and fine mapping of Proc- 
umbentes chromatin towards the isolation of the 
nematode resistant gene [27, 32, 33, 46, 47]. The 
molecular investigations and the physical map- 
ping of the three highly amplified repeat families 
described here might have implications for the 
selection of existing and future breeding material 
and its molecular analysis. Fluorescence in situ 
hybridization has shown that blocks of Sau3A 
satellite families II are co-located with blocks of 
the satellite family I in many centromeric regions 
and the interspersed sequence family pTS3 is dis- 
persed throughout most of the B. procumbens ge- 
nome. Hence, they might provide useful land- 
marks for the molecular analysis of introgressed 
wild beet chromatin. The Southern analysis 
within genomes of related species has shown that 
the three repeat families are specific for the sec- 
tion Procumbentes, and the cross-hybridization to 
B. nana is removable by stringent washing. 
Therefore, those sequences are, together with 
other section-specific satellites [50, 52], valuable 
markers for the evaluation of the genetic consti- 
tution in triple hybrids made by crosses of Beta, 
Corollineae and Procumbentes species. 

De Jong etal. reported that the resistance 
gene-bearing B. procumbens chromosome in 
monosomic addition lines of cultivated beet has 
nucleolus organizer activity, and hence possesses 
the rRNA gene cluster [9, 10]. Our results show 
the major loci of the 18S-5.8S-25S rRNA genes 
are on the short arm of a chromosome pair, miss- 



1111 



ing the Sau?> A satellite I which is closely linked to 
a nematode resistance locus. A possible explana- 
tion is the existence of minor rDNA or satellite 
sites in B. procumbens; in sugar beet, minor rRNA 
gene clusters have been found in some mitotic 
metaphases [54], while polymorphisms in num- 
ber of major loci of satellite are shown here 
(Fig. 4a-d). 

The separation of megabase- sized DNA frag- 
ments of nematode-resistant cultivated beet lines 
by pulsed field gel electrophoresis, construction of 
YAC libraries and map-based cloning has en- 
abled molecular analyses and physical mapping 
of long DNA stretches covering large regions of 
the introgressed wild beet chromosome segment 
[26, 32, 33, 46], YAC clones containing blocks of 
repeats of Sau3A satellite family I have been iso- 
lated and characterized, and the size indicates 
that these long tandem arrays originate from ge- 
nomic regions that can be detected and physically 
mapped by fluorescence in situ hybridization. 
Therefore, we propose that one of the genes con- 
ferring the resistance to the beet cyst nematode 
H. schachtii is located in close vicinity of the cen- 
tromeres of a B. procumbens chromosome. 
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Cytological Identification of soybean mitotic metaphase chromosomes (2n = 40) 
has been severely limited by their small size and uniform karyomorphology. We 
have developed fluorescent In situ hybridization (FISH), PCR-primed in situ labeling 
(PCR-PRINS) procedures, and molecular probes for routine cytological Identifica- 
tion and for the physical mapping of soybean somatic chromosomes. Chromosome 
preparation has been achieved by modifications of previous protocols and through 
the preparation of root-tip protoplasts prior to chromosome spreading. Initially our 
probe selection focused on highly repeated DNAs that provide very intense local- 
ized hybridization signals. Repetitive gene probes that have proven valuable in- 
clude the rONA loci (5S and 45S) which are chromosome specific. We have also 
developed satellite DNA probes for two different sequence families: the SB92 and 
the STR120 satellites. Both of these are tandem ly arranged at multiple chromosom- 
al loci. By using different cloned examples of each family, we have been able to 
selectively label unique subsets of soybean chromosomes. Double hybridization 
with blotln and digoxigenfn labeled probes has allowed us to determine the chro- 
mosomal overlap between different probes. In addition, we have joined portions of 
the metaphase chromosome painting patterns with the genetic map by single-copy 
FISH and PCR-PRINS detection of the RFLP loci G8.15, G17.3, and A 199a and 
A199b. Total genomic DNA In situ hybridization (GISH) patterns were also used to 
characterize the soybean chromosomes. 
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Historically, cytogenetic analysis has 
played an important role In establishing 
the physical basis of genetics and is in- 
creasingly important with the refinement 
of In situ hybridization technologies. For 
example, fluorescence in situ hybridiza- 
tion (FISH) allows the localization of par- 
ticular DNA sequences on both condensed 
chromosomes and Interphase nuclei (Hes- 
lop-Harrison 1991; Llchter and Ward 1990; 
Trask 1991). This technology can be used 
to map genes or anonymous DNA se- 
quences onto chromosomes and therefore 
provide physical maps for comparison to 
genetic maps. This will refine our under- 
standing of genome organization and ge- 
netic processes (e.g., Gustafson and Dllle 
1992). Signal intensity and detection had 
limited FISH to repeated DNA probes like 
ribosomal RNA genes, satellite DNA se- 
quences, and larger unique DNA probes 
(Heslop-Harrison 1991; Llchter and Ward 
1990; Trask 1991), but technical improve- 
ments are now allowing the use of smaller 
single-copy probes (Fan et al. 1990; Hap- 
pell-Parton et al. 1994, Zhu et al. 1995b). 
Many genetic systems have a very large 



number of genetically mapped RFLP 
probes that can now be used for physical 
mapping (e.g., Happell-Parton et al. 1994). 
Primed In situ chromosome labeling 
(PRINS; Abbo et al. 1993; Gosden et al. 
1991; Koch et al. 1989) has been accom- 
plished by using unlabeled oligonucleo- 
tide primers in conjunction with labeled 
nucleotide triphosphates for in situ DNA 
synthesis. This approach is even more 
successful when coupled to thermocycling 
(i.e., PCR-PRINS), which Increases signal 
more than 2Q% with each cycle (Terkelsen 
et al. 1993). PCR-PRINS can detect se- 
quence tagged sites that are frequently 
Jess than 1 kbp in size. Broader patterns 
In genome structure and mapping are de- 
tectable through image analysis of geno- 
mic in situ hybridization (GISH) that pro- 
vides a "visual Cot curve" of the genome. 
GISH analysis uses total genomic DNA as 
a FISH probe and easily identifies both for- 
eign introgressed chromosomes and chro- 
mosomal structure associated with rapid- 
ly annealing DNAs (Anamthawat-J6nsson 
et al. 1990; Mukai et al. 1993). 
Simultaneous cytogenetic mapping of 
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Table 1. Soybean sequence probes 



Probes 


Category 


Size (kbp) 


Vector 


Reference 


TGM 


Total Genomic DNA 


~~ 




1 

KeJm and Shoemaker 1988 


pM4-9 


5S rDNA 


035 


pUC9 


Quemada et a!. 1987 


RBI 15 


45S rDNA 


8.0 


Charon 4A 


Jackson and Lark 1982 


SB92 


Repeated sequence 


0.6 


pBS+ 


Varied lan et al. 1995 


STR120-A.1 


Repeated sequence 


0365 


pUC18 


M. Morgante (unpublished data) 


STR120-A.2 


Repeated sequence 


0.245 


pBS SK- 


M. Morgante (unpublished data) 


STR120-A.3 


Repealed sequence 


0365 


pBSSK- 


M. Morgante (unpublished data) 


STR120-BJ 


Repeated sequence 


0.245 


DUC18 


M. Morgante (unpublished data) 


G17.3 


Large single copy 


8.0 


pUC9 


Apuya et al. 1988 


GS.15 


Large single copy 


4.0 


pUC9 


Apuya et al. 1988 


A199 


Small single copy 


1.26 


pBS+ 


Zhu et al. 1995a 



multiple loci provides direct comparisons 
of their physical locations on the same set 
of chromosomes. This has been accom- 
plished through the Image analysis of mul- 
ticolor fluorescence in situ hybridization 
(MIS; Leitch et al. 1991; Ried et al. 1992). 
In its simplest form, MIS is accomplished 
when two different probes are labeled 
with either biotin or digoxigenin and then 
stained with fluorescent avid in or anti- 
body. Improved image processing now al- 
lows spectral analysis of mixed fluoro- 
chrome signals such that greater than sev- 
en probes have been used simultaneously 
in MIS (Ried et al. 1992). In combination 
with traditional cytological "landmarks," 
MIS represents the definitive tool for the 
physical mapping of multiple genetic 
probes. 

Recently, soybean genetic analysis has 
been accelerated through the use of mo- 
lecular markers without the advantages of 
a coordinated cytogenetic map (Apuya et 
al. 1988; Keim et al. 1990; Shoemaker et al. 
1992). This is due to the small size, the 
homogeneous morphology, and the rela- 
tively large number of soybean chromo- 
somes (Palmer and Kilen 1987). Meiotic 
pachytene chromosome analysis devel- 
oped by Singh and Hymowitz (1988) estab- 
lished a detailed soybean chromosome 
map, but it has not yet been Joined with 
the genetic linkage groups. Joining cyto- 
genetics with molecular genetics for chro- 
mosome analysis appears to be the best 
approach for developing a soybean cyto- 
genetic map that is coordinated with the 
genetic linkage groups. In situ hybridiza- 
tion of DNA probes to soybean chromo- 
somes was first reported by Skorupska et 
al. (1989) and later by Griffor et al. (1991). 
In both cases, the highly repeated 45S 
rRNA genes in the NOR region were tar- 
geted and single-copy genomic targets 
failed to be detected (Vodkin 1994). 

In this article we present a comprehen- 
sive strategy for chromosome painting us- 
ing different categories of DNA probes. In 
addition to repeating the 45S rDNA analy- 
sis using FISH, we present a new reper- 
toire of molecular probes and Improved 
methods adapted specifically for soybean 
somatic chromosome analysis. In addition 
to the two rDNA loci, we analyze two sat- 
ellite DNAs families, single-copy RFLP 
probes, and sequence-tagged sites using 
PCR-PRINS. We describe a comprehensive 
strategy for uniquely "painting" soybean 
mitotic chromosomes for their Identifica- 
tion and correlation to genetic maps. 



Materials and Methods 

Plant Materials and Chromosome 
Preparation 

Soybean chromosomes were prepared 
from the cultivar BSR-101 (2n = 2x « 40) 
using isolated root-tip protoplasts accord- 
ing to Zhu et al. (1995b). Briefly, root tips 
synchronized by temperature shirts (Sko- 
rupska et al. 1989) are harvested and then 
fixed. The fixed tissue Is treated with cel- 
lulytic enzymes to liberate individual pro- 
toplasts. Chromosomes are spread onto 
microscope slides by dropping a cellular 
suspension from about 30 cm, followed by 
flame drying. 

DNA Probe Preparation 

Eleven soybean DNA probes from five se- 
quence complexity categories were select- 
ed for this study. The origins and proper- 
ties of these probes are listed in Table 1. 
DNA probes were labeled by random hex- 
amer extension with either biotin- 16-dUTP 
or with dlgoxigenin-11-dUTP according to 
Zhu et al. (1995b). 

In situ Hybridization 

In situ hybridization was conducted ac- 
cording to Pinkel et al. (1986) with minor 
modifications (Zhu et al. 1995b). Briefly, 
chromosome spreads were denatured at 
70°C In a 70% formamlde and 2x SSC so- 
lution, and then dehydrated through a 
-20°C ethanol series. The probe hybrid- 
ization solution consisted of 50% formam- 
ide, 2x SSC, 10% dextran sulphate, 50 
u.g/ml degraded herring sperm DNA and 2 
p.g/ml of denatured biotlnylated (or diox- 
igenlnylated) DNA probe. For double- 
probe experiments, 2 u.g/ml of the biotln- 
ylated DNA probe and 2 jig/ml of the di- 
goxigenin- 11 -dUTP labeled DNA probe 
were added to the hybridization solution. 
Hybridization was performed overnight at 
37°C. 



PCR-Primed in situ Labeling (PCR- 
PRINS) 

Small single-copy sequences were labeled 
and detected by PCR-PRINS according to 
Terkelsen et al. (1993) and Gosden and 
Hanratty (1993) with modification (Zhu et 
al. 1995b). PCR-PRINS was conducted by 
adding 50 \i\ of labeling reaction mixture 
to the slide containing chromosome 
spreads at 95°C with a programmable ther- 
mal controller (MJ Research). The labeling 
reaction mixture contained 50 mM KG, 10 
mM Tris-HCl pH 9.0, 1% Triton X-100, 1 mM 
MgCl„ 0.2 mM dNTP mix with blotin-16- 
dUTP, 100 pmol of oligonucleotide primers 
(primer A199L-2: 5 '-CGC AC AAC AAAACT- 
GAGCTGCAAAGCCCG3 ' and primer A199R- 
2: 5 ; -ATGCTTCAAAGACATCAGAGACAAT- 
C AAGTCTGATGAAAG-3 ' ; Zhu et al. 1995a). 
Fifteen units of Taq DNA polymerase were 
added after 5 min at 95°C. The reactions 
were thermocycled 30 times (1 min at 
95°C, 2 min at 64°C, 10 min at 72°C). The 
reactions were stopped by adding 50 mM 
NaCl and 50 mM EDTA at pH 8.0 at 70°C. 

Detection and Visualization of 
Hybridized Probes 

After hybridization or PCR-PRINS, slides 
were rinsed twice In 50% formamlde and 
2X SSC, and thrice in PN buffer (0.1 M 
NaH 2 P0 4t 0.1 M Na 2 HPO< t 0.1% nonidet 
P-40, pH 8). The washes were performed 
at 45°C for high stringency and 37°C for 
low stringency treatments. If only a single 
biotlnylated probe was used, slides were 
then incubated in PNM buffer (5% nonfat 
dry milk, 0.1% sodium azide in PN buffer) 
with 5 M.g/ml fluorescein avidin DCS for 1 
h at room temperature followed by multi- 
ple washes in PN buffer. When two differ- 
ently labeled probes (biotin and digoxi- 
genin) were used, the slides were incubat- 
ed in PNM buffer with 5 pg/ml fluorescein 
avidin DCS and 20 tig/ml antidtgoxigenin 
rhodamine for I h and washed In PN buff- 
er. After rinsing slides were mounted in 
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VECTASHELD antifade medium (Vector 
Laboratories) containing 0.5 jig/ml propi- 
dium iodide or DAPI (4',6-diamidino-2- 
phenylindole). 

Observations were made with a Zeiss 
Axioplan epifluorescence microscope with 
different combinations of Zeiss excitation 
and emission filters: 487709 for DAP! and 
487701 for FTTC and propidium iodide 
staining. Double-label signals were detect- 
ed by the dual excitation and emission fil- 
ter 51006. Images were recorded with Ko- 
dak Ektachrome ASA 400 color slide film. 

Image Processing 

Two color slides with the chromosome im- 
age and with the hybridization signals 
from the same chromosome spread were 
scanned into an Apple Macintosh comput- 
er-based image processing system using a 
Epson ES-600C scanner. The two images 
were aligned, the contrast adjusted and 
then they were recolored with the Adobe 
Photoshop software. Processed images 
were recorded on Fujichrome ASA 100 col- 
or slide film with a Polaroid Cl-5000 digital 
palette film recorder. 



Results 



Figure I. 5S rDNA FISH on metaphase chromosomes (FTTC unprocessed image with proptdum Iodide counter- 
stain). 

Figure 2. 55 (red) and 45S (yellow) rDNA FISH on metaphase chromosomes (processed Image). Note that only 
one locus (2 sites) was detected for each probe and that they are on separate chromosomes. 
Figure 3. 5S rDNA (red) and the unique sequence G17.3 (yellow) FISH. Two sites for each probe are observed 
(processed Image). 

Figure 4. SS rDNA and satellite DNA SB-92 FISH on metaphase chromosomes (rodamine and FTTC unprocessed 
Image without chromosomal counterstalnlng overlay). 

Figure 5. 5S rDNA and satellite DNA SB-92 FISH on metaphase chromosomes (processed Image with DAPI signal 
overlaid). 

Figure 6. Satellite DNA STR 120-8.1 FISH on metaphase chromosomes (processed Image). 

Figure 7. STR 120- A. 1 FISH (FTTC unprocessed Image). Two large dllfuse low tntenslty hybridization sites are ob- 
servable. 

Figure 8. STR120-A.1 FISH (processed Image with DAPI counters tain). This is the same nucleus as In Figure 7 with 
a mirror orientation. 

Figure 9. STR120-A.2. FISH on metaphase chromosomes (processed Image). 

Figure 10. STR120-A-3 FISH on metaphase chromosomes (unprocessed Image). FISH signal Is from FTTC labeling 
with propidium Iodide counterstalnlng. 

Figure 11. STR 120- A. 3 FISH on metaphase chromosomes (unprocessed Image of the same nucleus In Figure 10). 
FTTC signal with DAPI counterstalnlng reveals more minor sites than In Figure 10. 

Figure 12. STR120-AJJ FISH on metaphase chromosomes (processed Image). FISH signal from Figure II was su- 
perimposed onto DAPI counterstalned chromosomes. 



The goal of this work has been to develop 
diverse DNA sequences for the mitotic 
identification of soybean chromosomes. It 
is necessary to use different experimental 
approaches for single-copy versus highly 
repetitive sequences due to the large dif- 
ferences In signal intensity generated for 
each. In this article, we illustrate the util- 
ity of In situ chromosome analysis for soy- 
bean by presenting examples of different 
DNA probes representative of particular 
sequence categories. We also show how 
they can be used In combinations (MIS) 
for chromosomal comparison and for co- 
ordinating genetic linkage maps with cy- 
togenetic maps. 

rDNA Sequences 

As high-copy tandemly repeated genes, 
rDNA sequences provide strong localized 
hybridization signals. Soybean has only 
one 5S rDNA locus (i.e., two hybridizing 
sites) and one 45S rDNA locus as ob- 
served in both interphase and metaphase 
nuclei (Skorupska et al. 1989; Figures 1-5). 
We observed hybridization signal in about 
70% of interphase nuclei and 50% of meta- 
phase mitotic nuclei. With low stringent 
washes, two additional minor hybridiza- 
tion sites can be detected by the 5S rDNA 
probe (data not shown). In metaphase 
chromosome spreads, both 5S and 45S 
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Figure 13. STR120-A.1 (yellow) and STR120-B.1 (red) MIS FISH on metaphase chromosomes (processed Image). 
Figure 14. STR120-A3 and SB-92 MIS FISH on metaphase chromosomes (processed Image). The 10 SB92 hybrid- 
ization sites were at the same positions as 10 of the ST120-AJ sites (yellow). Additional unique STR120-AJ3 sites 
were observed and are shown In red. 

Figure 15. G\73 FISH on metaphase chromosomes (processed Image with propldlum Iodide counters tain). 
Figure 16. G8.15 FISH on metaphase chromosomes (processed image with propldlum Iodide counterstaln). 
Figure 17. PCR-PRiNS at A 199a and b on metaphase chromosomes (processed Image). 
Figure 18. GISH on metaphase chromosomes (FTTC signal, unprocessed Image). 

Figure 19. DAP) counterstamlng of metaphase chromosome (unprocessed Image). Note that this Is the same 
nucleus shown In Figure 1. 

Figure 20. Total genomic DNA (red) and SB-92 (yellow) probes In MIS FISH (unprocessed Images). 
Figure 21. DAPI counterstaln signal of metaphase chromosome. Note that this Is the same nucleus shown in Fig- 
ure 20. 



rDNA loci are observed at the distal 
regions of different chromosomes (Figures 
1-5). When 5S and 45S rDNA loci were ex- 
amined simultaneously with different flu- 
orescent labels, it was clear that these loci 
are located on different chromosomes 
(Figure 2). Thus, the rDNA loci provide 
convenient high-Intensity markers for two 
soybean chromosomes. 

Satellite DNA Sequences 

The SB92 satellite sequences are a 92 bp 
tandemly arranged element with about 10 s 
copies (Kolchlnsky and Gresshoff 1995; 
Vahedian et al. 1995). The SB92 probe 
pNAU401 revealed two major (large and 
more intense) and two or three minor 
(small and less intense) genomic locations 
in soybean chromosomes (Figures 5, 14, 
20). 

The STR120 satellite sequences are tan- 
demly arranged about 120 bp repeated 
DNA elements (Morgante M, unpublished 
data). Four divergent STR120 probes were 
used for this study: STR120-A.1, STR120- 
A.2, STR120-A.3, and STR120-B.1. These 
cloned sequences ranged in homology 
from 60% to 90% (Morgante M, unpub- 
lished data). Two of the probes (STR120- 
AJ and STR120-B.1) detected relatively 
simple hybridization patterns. STR120-A.1 
consistently detected two large but low- 
intensity sites In the distal region of a sin- 
gle chromosome pair (Figures 7, 8 ( 13), 
while STR120-B.1 revealed four to eight 
sites located on distal ends of chromo- 
somal arms (Figure 6). In contrast, probes 
STR120-A.2 and STR120-A.3 detected rela- 
tively complex hybridization patterns with 
sites on many chromosomes. The major 
hybridization sites were very repeatable, 
while the number of minor sites varied de- 
pending on the hybridization stringency 
used. Probe STR120-A.3 detected 14 major 
sites and about 10 minor sites (Figures 
10-12). The major sites were distributed 
over six pairs of chromosomes (Figures 
10-12). Probe STR120-A.2 detected an ex- 
tremely complex pattern of more than 50 
sites with major and minor sites distrib- 
uted on all but one or two chromosomes 
(Figure 9). 

Single-Copy DNA Sequences 
Two relatively large anonymous single- 
copy DNA sequences were successfully 
detected by FISH. These probes, G8.15 and 
G17.3 (4 and 8 kbp, respectively), readily 
marked their homologous regions on the 
chromosomes using the standard FISH 
methodology. GS.15 and G17.3 each de- 
tected two sites on a single chromosome 



pair (Figure 15 and Figures 3 and 16, re- 
spectively). Both of these sequences had 
been genetically mapped in previous stud- 
ies (Kelm et al. 1990, Shoemaker et al. 
19925 to linkage groups J (G8.15) and L 
(G17.3). 

PCR-PRINS can detect relatively small 
chromosomal regions that cannot be ob- 
served using standard FISH protocols. Re- 
peated efforts using the standard FISH 
(Pinkel et al. 1986), one-step PRINS (Koch 
et al. 1989, 1992), and PCR-IS (Gosden and 
Hanratty 1993) protocols failed to detect 
the duplicate A-199 loci. The probe A199 
is only 1260 bp which is evidently insuffi- 
cient for FISH and simple PRINS detection 
in our study. In contrast, PCR-PRINS suc- 
ceeded at frequently detecting four sites 



on two pairs of chromosomes (Figure 17). 
Parallel PCR-IS control experiments where 
no primers were added to the in situ cock- 
tail resulted in no chromosomal signal 
(data not shown). Two of the detected 
sites were located In a distal chromosomal 
region, while the others were more inter- 
nal. Although the A J 99a and A J 99b loci 
have only 90% sequence similarity (Zhu T, 
Shi L, and Keim P, unpublished data), the 
result of four sites Is expected because the 
primers themselves are 100% homologous 
to both loci. The A! 99a and A 199b loci 
have been genetically mapped In linkage 
groups K and J, respectively (Keim et al. 
1990; Shoemaker et al. 1992) and the chro- 
mosomal locations are consistent with the 
genetic map positions. 
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GUSH Patterns 

Total genomic DNA was used as a probe 
against metaphase chromosome spreads 
In order to detect highly repetitive 
regions. Almost every soybean chromo- 
some was labeled by the relatively targe 
but less intensive GISH signal (Figures 18- 
21). However, the hybridization pattern 
was different among the chromosomes in 
terms of the signal area, intensity, and lo- 
cation. Ten to 13 chromosome pairs had 
relatively strong and large hybridization 
signals, while five to seven pairs of chro- 
mosomes were labeled only weakly (Fig- 
ures 18 and 19). Large chromatin blocks 
within the chromosome arms were the 
most common and intense hybridizing lo- 
cations, while telomeres did not hybridize 
as intensely as other chromosomal loca- 
tions (Figures 18 and 19). Future image 
analysis of GISH will provide diagnostic 
patterns for many soybean chromosomes. 

Doable-Probe Hybridization 
Several double-probe hybridization exper- 
iments were conducted to confirm the re- 
liability of the techniques, determine the 
relative genomic arrangements of probes, 
and test our capacity to use different 
types of probes in the same protocols. We 
used a variety of probe combinations in- 
cluding hlgh^copy gene + repetitive DNA 
probes, high-copy gene + large single- 
copy DNA probes, repetitive DNA -f repet- 
itive DNA probes, high-copy gene + high- 
copy gene probes, and GISH + repetitive 
DNA probes. All of the hybridizations suc- 
cessfully detected signal from both probes 
(Figures 2-5, 13, 14, 20, and 21). There ap- 
pears to be no technical limitations on 
mixing diverse probes in a single FISH pro- 
tocol. Most sequences homologous to the 
probes used in the double-probe experi- 
ments had unique chromosomal locations. 
However, two probes (STR120A.2 and 
STR120A.3) from the satellite DNA family 
STR120 detected common locations, as ev- 
idenced by their partial overlap In hybrid- 
ization sites (data not shown). In addition, 
the satellite sequences SB92 and STR120A.3 
also have some proximal chromosomal lo- 
cations (data* not presented). 

Counter^Sfcainlng Chromosome Images 
lo FISH and PCR-PRJNS 
Both propidium iodide and DAP! are fre- 
quently used as counter-stains for chro- 
mosomal Images in FISH and PCR-PR1NS. 
However, In our studies propidium iodide 
staining was found to mask some low-in- 
tensity FISH sites. For Instance, only eight 
major sites of the repetitive sequence 



STR120-A3 were detected with propidium 
iodide counter-staining (Figure 10), while 
more than 20 sites were observed with the 
DAPI counter-staining under the same hy- 
bridization condition (Figures 1 1 and 12). 
The A199 PCR-PRJNS experiments gener- 
ated reproducible but weak hybridization 
signals which were masked with propi- 
dium iodide but not DAPI (data not 
shown). This result agrees with the find- 
ings in FISH studies of other plant species 
(Heslop-Harrison et al. 1991). Hence, DAPI 
counter-staining seems necessary for de- 
tecting weak hybridization signal gener- 
ated from small single copy or from minor 
repetitive DNA sites. 

Discussion 

The classical genetic model systems such 
as Drosophita and maize had many exper- 
imental advantages including highly re- 
solved cytogenetic maps. Sophisticated 
molecular genetic analysis is now com- 
mon to many diverse and genetically dif- 
ficult organisms, but detailed cytogenetic 
maps are frequently not available. FISH 
and related technologies can now comple- 
ment the genetic development of many 
systems by providing detailed cytogenetic 
Information. 

Soybean is an example of an Intensely 
studied organism that can benefit from en- 
hanced cytogenetic analysis using molecu- 
lar and cytological technology. Identifica- 
tion and manipulation of somatic soybean 
chromosomes Is essentially impossible 
based on their physical characters. Most of 
the soybean DNA sequences used In this 
study can be detected by simple FISH pro- 
cedures. This Includes total genomic DNA, 
rDNAs, satellite DNA sequences, and rela- 
tively large single-copy sequences. The 
smaller single-copy sequences (about 1 
kbp) from RFLP loci such as 4/99 could not 
be detected by this method. However, their 
detection was possible using a modified 
PCRPR1NS protocol. Probes can be used in 
combinations and stained differentially to 
provide direct comparisons of their geno- 
mic locations. Because we have demon- 
strated the utility of many types of genomic 
sequences, it will now be possible for soy- 
bean researchers to develop somatic cyto- 
genetic maps and to unite them with the 
genetic linkage map and its wealth of infor- 
mation. Routine somatic chromosome iden- 
tification tools are the essential first step 
towards the eventual physical isolation of 
soybean chromosomes using flow cytome- 
try or microscopic manipulation (Weber 
and Greulich 1992). 



Repetitive DNA Sequences as 
Chromosomal Markers 
Repetitive DNA sequences comprise high 
proportions of plant genomes and may ac- 
count for nearly 60% of soybean DNA 
(Goldberg 1978; Gurley et al. 1979). Many 
of these repeated sequences are satellite 
DNA sequences that are so rapidly evolv- 
ing that they are unique to the annual soy- 
beans and even to specific chromosomes 
(Vahedian et al. 1995; Morgante M, unpub- 
lished data). Therefore, repetitive DNAs 
can be of great importance in genomic 
characterization and the investigation of 
genomic relationships. The strong hybrid- 
ization signals generated by these probes 
provide the strong tags necessary for 
chromosome isolation (e.g., Lazer- 
Tweezers; Weber and Greulich 1992). Re- 
petitive DNAs can also be detected by 
GISH, a special application of FISH where 
total genomic DNA Is used as a probe. 
GISH detects all repetitive DNA families In 
the entire genome with a single probe pro- 
viding a "visual C 0 t curve" of a chromo- 
some. The distribution of these high-copy 
sequences provides a distinct signal pat- 
tern on about half of the soybean chro- 
mosomes (Figures 17 and 18). 

Single-Copy DNA Sequences as 
Chromosomal Markers 
While repetitive DNAs provide robust cy- 
tological landmarks, they are difficult to 
map genetically. Unification of the cytolog- 
ical and genetic linkage maps will be pri- 
marily accomplished using single-copy 
DNA probes. These probes are widely 
used as molecular genetic markers and 
the soybean genetic map contains several 
hundred examples (Keim et al. 1990, Shoe- 
maker et al. 1992). A few of these probes 
are relatively large (I.e., >4 kbp; Apuya et 
al. 1988 ) and can be detected with FISH 
alone (Figure 3). However, most are small 
(I.e., 1-2 kbp; Keim and Shoemaker 1988) 
and appear to require PCR-PRINS for de- 
tection. In our studies, the AI99 duplicate 
loci (about 1.2 kbp) were detected only 
with double-primer repeated PR1NS-PCR 
(Terkelsen et al. 1993), while other ap- 
proaches such as FISH (Pinkel et al. 1986), 
one-step PRINS with double primers 
(Koch et al. 1989, 1992), and PCR4S with 
a single primer (Gosden and Han ratty 
1993) failed. The capacity to detect small 
sequence tagged sites will allow the cyto- 
genetic mapping of the large number of 
RFLP markers that have been developed 
for soybean. Again, this will bridge the cy- 
togenetics and molecular genetics in soy- 
bean. 
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MIS off Chromosomal Marfeero 
While single-label FISH has been used sue- 
cessfully to map individual probes to 
chromosome bands in both human and 
plant systems (Fan et al. 1990; Hes lop-Har- 
rison 1991; Trask 1991), this technique 
does not determine the relative order of 
different probes to the same chromo- 
somes or even if the same chromosome is 
involved. Recently developed MIS can 
overcome these limitation by using probes 
with repeat sequences (Hindkjaer et al. 
1994; Leltch et al. 1991, Ried et al. 1992) 
and even small single-copy probes (Hap- 
pell-Parton et al. 1994) in chromosome 
mapping. In soybean where individual so- 
matic chromosomes are nearly indistin- 
guishable, MIS becomes essential for as- 
signing markers to the same chromosome. 
Furthermore, physical ordering of loci 
within a chromosome will be possible as 
MIS is expanded to greater than two 
probes (Ried et al. 1992). 

Chromosomal Markers In Physical 
Mapping 

Physical genomic mapping has succeeded 
by using very large DNA cloning methods 
(e.g. f YACs or BACs), pulsed-field electro- 
phoresis, and in situ analysis of metaphase 
chromosomes. Higher resolution In situ 
techniques have recently been applied to in- 
terphase or prophase nuclei (Bendriff et al. 
1991; Trask 1991; Trask et al. 1989) and free 
chromatin (Albini and Schwarzacher 1992; 
Heng et al. 1992). These approaches allow 
physical maps with high resolution to be 
constructed (10-100 kbp; Inazawa et al. 
1994). It is now possible to use FISH meth- 
ods to map probes to chromosomes, sub- 
chromosomal regions, and even within 50 
kbp region. 

In the present study, we used 1 1 probes 
from different types of DNA sequences to 
tag and characterize soybean chromo- 
somes. All 40 soybean chromosomes were 
tagged by FISH, GISH, or PCR-PRINS In ei- 
ther positive or the negative labeling. 
Among these, 36 chromosomes were la- 
beled by repetitive DNA probes, while 
eight chromosomes were tagged by single- 
copy sequences. In addition, more than 10 
chromosomes were negatively labeled by 
repetitive sequences or total genomic 
DNA. Additional studies are needed to pro- 
vide a larger number of chromosome spe- 
cific probes, but this study provides a 
strategy and methodology for this goal. 
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ABSTRACT 
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A DNA fragment Isolated from a human genomic llhrary,vvas 
reported to be present »t all human centromeres und present 
at 16-32 copies per genome. Retatroductton of this ONA into 
rruutunallancclls as a concatenated phage clone gave rise to 
dicentric chromosomes which gave rise to a new, 
chromosome. Taken together these observations icould mean 
that this DNA is part of a native centromere. We have re- 
examined the location and copy number of this sequence and 
find It to be present at 1- 2 copies per genome with a single 
*ite at in situ hybridisation at 9qter. 

INTRODUCTION 

The mammalian kinetochorc is a complex assembly j »f ^ and 
protein. A few of the protein component* have been cruractemaJ 
using either naturally occurring polyclonal antiscra from patienu 
with a variety of auto immune diseases or monoc """M™ 
m At the level of the DNA there is even less information, 
mammalian centromeres are generally ass ^ ^MnhMe^ 
rcoeated DNA sequences and two of these, the human alphoul 
sequence and the Mus musculk minor satellite, contain a DNA 
Suencc which-ls recognised by the best charactcnsec I ofthe 
centromenc proteins CENPB (see ref 2 for a review) CENPB 
can be found at Inactive centromeres (3) whereas CENP C(4) 
is found at active centromeres (3) and is believed to be a DNA 
binding protein (W.Earnshaw, per* com). 

Complete sequence data and genetic test systems arc not 
currently available for mammalian centromeres. It thereto* 
reLns possible that mammalian centromere fiincnon cou d bt 
Sainton a DNA sequence different u» and perhaps smaller 
mc megabascs of satellite DNAs found at centromeres. This 
STan amStlvc prospect since the possibility of creating 
mammalian artificial chromosomes would be made much simpler 
with a centromere of manageable size. 

$* SSm of a DNA fragment, apparently originating from 
human centromeres and with apparent centromere function by 
VbZS Til (5) has stimulated much interest. We have 
hemmed to coUrm the original report of the location and 
Sncc of this sequence but we find a terminal lucauon of 
a .-tingle copy of the sequence on chromosome v. 



RESULTS 

We initially used the entire \CM8 for FISH analysis on normal 
human lymphocytes. A signal was seen on chromosome 9q ter. 
(Fig la.) Since this was in contrast to the localisation reported, 
we were concerned that there could be a difference due either 
to our use of the normal karyotype rather than that of the Colo 
320 cells, used by Hadlaczky et al (5) or due to me competitor 
DNA used to suppress signal from the Alu repeat. This 
competitor DNA could perhaps block centromeric hybridisation 
of other parts of the sequence which may be repine. TO 
facilitate DNA production and analysis, we subcloned XCM8 into 
pUC19 us Eco Rl fragments. A probe combination excluding 
the Eco Rl fragment containing the Alu repeat was also used for 
FISH analysis without suppression. The same signal was observed 
on 9q ter. (Fig lb) FISH using the same probe combination or 
XCM8 on HeLa metaphase spreads showed a localisation identical 
to that in the normal lymphocytes (Fig lc). The result obtained 
was again consistent with a localisation on chromosome*! ter. 
When XCM8 was used without competition a typical Alu banding 
pattern was observed with little or no hybridisation at 
centromeres. (Fig Id) , , _ ... T 

Eco Rl Inserts of pCMR 38. 25 &. 26 and the Eco Rl-Xho I 
fragment or pCM8-30 (which excluded the Alu repeat) were used 
to orobe a Southern blot containing 6 EcoRI digested human 
genomic DNA's, the hybrid cell line 64063, a Chinese hamster 
ovary/human hybrid line containing only 9q as a human 
component and known amounts of the plasmid subclones (fig 2). 
For all of the subclones the measured copy number was close 
to one per haploid genome and the appropriate^ signal was detected 
in the °q containing hybrid but not in CHO DNA. 



DISCUSSION 

Requirements for a human ccntromeric DNA sequence include 
its presence at a human centromere. In the yeasts S. ctrewiae 
and ISuxmbe where the centromcric DNA can be isolated and 
tested for function there are related sequences at all c«n<romeres 
(6). It would be reasonable to expect sequence /ctetioMhips 
between mammalian centromeres, at least within a apeaej. 
Alphoid DNA satisfies these expectations and for these reasons 
S, addition to the binding of CENP B, remains a likely candidate 
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M probe, are. p.ncl al 4J«6 bp. b) IK59 bp. c) HOS bp and d) 440 up. 
MATERIALS AND METHODS 

Subcioning CMS Irewrt , 
X.CM8 DNA *«. digested with RcoM and .ubclontd i«o 

map to the im«mil EcoRI fragment* of XCM8 were «woi ^J^Z—.^ M 
analysis. We have oiled these pCM8 3Mf*«3J, ,^, 2 „^. mSwto 
^subclones correspond to pCMl (4«M< ^j^^^ioceS 
tu iicunifa.turen nx-ommcnduiwe*. DNA was electmpnroun uuu 
cdU. 



Vtoun 1 In lieu hybridisation of \CM» P«*C to metapruwa from P«nP^ 
hSv^£*s (a. bAd) and Kela <rt. M Agum •'■«* from 
r^S^tm suppress** using cot-t DNA . A hybridl-ration dgnal .> 
^^m"^"^^ in «ch cell, to f.jurc Id) no '"PP"f;« <"» 

sequence without suppression. 

centromere sequence. Although alphoid DNA mimics some 
aspect, of centromere behaviour when £ 4 
mammalian cell <7) it must remain a candidate since definitive 

functional evidence is locking. - . —-,,.,«. 

ta co^ast our data exclude XCM8 from any human centromere 

SnHresent at 9«ter. This contradicts the earlier findings (3) 
5 HadKcy "al but they were unable t» localise the sequence 
tmS reiving on 3 H in situ hybridisation which was no 
SnSg '^original «« ** '° 

of either its env.ronment as a ««J™P- 
organisation In u>e truruformjd call lines. 



Isolation of DNA 

Genomic DNA «. prepared from l-r'^At^n^Tk 
hontomnised in S.E. buffer (TJmM NaC1. 2JmM EDTA pH 8 ' »^^"" , 
^TSd«n. lOO^ml -I SDS to 2* .The cell suspettt^n w~ .*wb«cd 
Ow^Tat *>«C followed by 3 phenuUcWorofor^i^l^^a*.^ 
Lr^L. and the DNA nreeipitaed rfeeakl DNAV, ^^^^^ 
OCVElhidhim gradient method,. DNA from the hybrid ^™ ( £^.!^r^ 
^V*rorn™»,e arm 9q as . hum* w^ M ' C "°^tt ?0 
win i*ul.lcd win* » modified version of the method desertbtd •» reRrtnec tu 

Copy number analysts . , . 

.1-... ../ «tm8 18 25 26 A30 were cilcuUteo on tne 
The copy number cmuvalcni. of .ft"™*^,^^ genuriM px 10» 
ba.ii!< of their measured uzes and that of the Ihc ^'^^jij--., Ending 
bp). The calculated single copy c^ivalenu n^tan W ^"^f 
on the si« of the clone. The «>nce»trailon of £^^"J^£Ute 
pbunid, w» determined using fUiOomeuy wl * ^ilabne, 
floorr^romt. Serial dilutions giving a range ° l "-*«ZZZ me gel. 
werTuicd to give the appropriate amount or DNA for loading on tne gw 

r.,A^Jn^ fJSl±U* NnOH for 15 minute. MM 
by neulralixulion. 

Purlfkatlnn c* «d rrmtmtnt. .DNA 
Subclones were rBnona«.i% CKbcO uta pure kernel, ng P««^ «^ ^ 

kit. The smalksi frusincru from jgubetotw 
Mtfiusid kit U« maximum y**- 
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UybftdlMitun 

Th« filter wo.1 hybridised w in (I I) with 0.5* dried milk powder ^ a blocking 
*gem. lOOng of each probe InheJUvft wWh W/*Ci fir **p> fl C.T.P. using the 
random primer method. Filters were washed in 2 xssC. at room temp, for 15' 
followed by three 13* washes in O.lxSSC/ 0.1 S.O.S 65*C. 

/« xi>u hybHdUMlon 

Htuiiu lube) led nick translated prune* wen: hybridised to metophose chrorTuwocn** 
From peripheral blood lymphocytes or HeLo cell* using standard methods (U). 
Where aupreMion of repeated sequences wis used pn>h«» w«r* preanneeied at 
J7»C Ui 50* forma mide, 2xsasC 10* dtxtran sulphate with human Ct* I DNA 
ut U.3 im^k J for 15' . In hybrid isoii<m» with the n»AQtre of CMS subclones withtiut 
the Atu MHuence, l-RNA was used as earner end blocking ON A rather than wlmon 
sperm DNA. Th« wtt&m were countc retained with pruptdium iodide < Ifig/mt) »nci 
DAPI. Ops/ml) tn h*n<ted chromn*ome» which were used for ehromo«**me 
ideitiifkation; digital imngca werv produced using a Hio ttml lunar scanning confuwd 
iiiiviOftcope. 
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The DNA sequences which form u humun centromere are 
unknown. Structural analysis has shown thnt these regions contain 
long arrays of several classes of tandemly repeated 'satellite* 
sequences. One of these, alphoid satellite DNA, has been found 
to have some of the properties of a centromere when introduced 
into African Green Monkey eel la (1). In addition, the human 
sequence XCM8, which in unrelated to the Known fiatell 1 — s» was 
reported to form a centromere after tr&nA formation into.uouse 
cells (2). The copy number of XCM8 in the human genome was 
estimated to be 16 — 32 and it was found by in situ hybridisation 
experiments to be present at the centromere 0 f many human 
chromosome* (2). It therefore seemed possible that XCM8 could 
be an essential functional component of human centromeres, and 
was perhaps l^nicd near the satellite DNA. Wc arc carrying out 
an anaijsU af" atiucuirc of the humun Y chromosome 
etnhomert, *n<L therefore set out to place XCMS-related 
sc<juc*c*« Cntnc Y chromosome map. 

iniaitc*?! expaimems using six subclones spanning XCMS 
(pCMl. pCM6. pCMll. pCM16. pCM21 and pK1620) wc 
detected no hybridisation to the Y chromosomes in three different 
*Y only* sorrutfecell hybrids, in addition, the intensity of 
hybridigult'on to hurwin DNA was less than expected for a 1 6 —32 
copy scheme 

We Uicrc/vM-tf measured the copy number of XCM8- related 
sequences in human DNA (Figure I). An equimolar mix of a 
subclone of XCM8 (pCMl I) and a known single-copy sequence 
(pMCl.4) located -4Qkb upstream from the a globin genes on 
chromosome 16 (3) was prepared. A sample of the mix was 
fractionated b) Jcl electrophoresis and transferred to u filter. 
Hybridisation to a n P- label led sample of the same mix followed 
by phoSfhonmagfr quantitation showed approximately equal 
levt/SoAjDridisation in the two samples; pCMl 1, 5014 units; 
the Stnglc copy probe pMCi ,4, 4521 units, The mixture was then 
hybrid iv:d to M'rtdflT digests of human, Y hyhrid and revertnm 
DNA samples. Figure ! shows that in human DNA the intensity 
of hybridisation to pCMl I (eg. 5124 phosphnrimager units in 
the male track) is similar to the intensity of hybridisation to the 
single copy probe pMC 1 .4 (5875 units in the male track). When 
allowance is made for the small differences in concentration 
and/or labelling efficiencies of the two probes, the copy number 
ratio of pCMll: pMCL4 is 0.8:1. As expected, the a globin 
region probe is not present on the Y chromosome, and it can 
be seen that pCM 1 1 is also not present on ihe Y chromosome. 
The timilaWly iV»t K e level of hybridisation to male and female 
DP*A e*c'uiU& pCMl 1 from the X chromosome. 
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Klgur* 1. MriixnT^rf^rtl rvf itw» i-npy number of pCMl I. O.N A sumples . v : - 
indicated at the top of each track) were probed with an cquimulur i nature o» 
pCMH and the single-copy sequence pMCI.4. Experimental methods were w 
described (4). Fragment siics in kUubases <kb) are indicated on the left-hand side. 



These results show thnt XCM8 is an Autosomal single copy 
sequence in the human genome and contradict I he previous 
suggestion that it is present in 16—32 copies and is located at 
the centromere of multiple human chromosomes (2). 
Experimental data supporting the higher copy number were not 
given and so cannot be assessed. In situ hybridisation was not 
detected when biotin-labeled XCM8 was used: [ 3 H1 thymidine- 
labeled XCM8 showed only about a three-fold enrichment Oliver 
grains in the cenrromeric regions (2) and this could represent 
non-specific binding. It therefore seems likely ihatttc ordinal 
characterisation vvas erroneous. XCM8 cannot bd component 
of most centromeres, and therefore cannot be required for 
centromere function. Ics ability to form a centromere alter 
transformation into mouse cells is thus puzzling. Two 
explanation** can be given. It is possible that the observed 
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ccntromcric activity waa due to the incorporation of mouse 
ccntromcric sequences (e.g. mouse satellite DNAs) with the 
tronafceted DNA and thus that XCM8 hi* no intrinsic c«mromere- 
formirtg properties. Alternatively, the sequence retirements for 
u centromere could be rather non specific, and could perhaps be 
satisfied by many sequences when they are present in multiple 
copies. If. for example, XCMS contains a pmlcin binding site, 
then one copy in its normal location might have no centromeric 
activity but the large number of copies which are produced during 
transformation might bind sufficient protein to form a centromere 
iU novo. Additional transformation experiments using XCMS and 
unrelated sequences could test these hypotheses. 
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